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PIE aCe 


Earlier volumes of this series have reported investigations aimed at clarifying 
relationships between and within species of higher plants with special reference 
to their evolution and fitness to natural habitats. The present work is an exten- 
sion of previous studies with major emphasis on the study of mechanisms 
underlying natural selection. In addition to field, transplant, and cytogenetic 
methods previously employed, quantitative physiological and biochemical mea- 
surements are included, as well as a beginning in the culture of excised tissues. 
The combined use of these methods brings to light relationships between 
biosystematics, morphology, physiology, and biochemistry that suggest new 
areas for investigation. 

The choice of Mimulus as a vehicle for the present investigations was made 

with special consideration of the exacting requirements that need to be met in 
carrying on such an integrated, multiple-point program of experimental investi- 
gations as is reported in this volume. The ideal organism for any kind of 
biological inquiry is seldom found, but the Erythranthe section of Mimulus 
has proved to be a close approach to the ideal for the kinds of investigations 
described. 
_ The major parts of this volume include (1) a biosystematic review of the 
Erythranthe section of Mimulus; (2) a genetic analysis of selected key forms 
of several species, including a study of the inheritance of growth responses 
of contrasting ecological races when transplanted to different altitudes; and 
(3) comparative physiological and biochemical studies on forms originating 
from contrasting environments, with particular emphasis on the study of photo- 
synthetic characteristics. A review of studies with excised tissues is presented 
in Chapter IV. The concluding Chapter V reviews the present status of experi- 
mental studies aimed at furthering our understanding of plant evolution, with 
emphasis on physiological and biochemical approaches. 
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BIOSYSTEMATIC RELATIONSHIPS WITHIN 
SSE RIM EIREAIN Te EL 
SECTION OF MIMULUS 


A prerequisite for experimental studies on mechanisms underlying natural 
selection and evolution in higher plants is an understanding of the biosystematic 
relationships of the materials under study. Of special importance is the choice 
of plant materials that must meet many requirements in order to be successfully 
used in the diverse experiments that need to be made. The chief requirements 
are: 

1. The plant group should include distinct entities that clearly merit recogni- 
tion as separate species. 

2. At least some of the species should be widely distributed in diverse habitats 
and consist of recognizable ecological races. 

3. The members should preferably all be diploid with the same chromosome 
number and be capable of gene interchange to different degrees, depending 
on their genetic affinities. 

4. The members should have flowers that can be easily manipulated in con- 
trolled crossing experiments, and be capable of yielding a large number of 
offspring from a single pollination. 

5. Lhe life cycle from seed germination to flowering should be short enough 
to facilitate genetic experiments extending through several generations within 
a reasonable period of time. 

6. The members should be fast-growing perennials that can be easily propa- 
gated vegetatively into clones having identical genotypes for use in transplant, 
controlled environment, and physiological experiments. 

7. The size and structure of leaves and stems of all members should be 
suitable for quantitative physiological measurements on intact living plants 
under precisely controlled conditions. 

With requirements such as these in mind, early surveys (cf. Clausen, Keck, 
and Hiesey, 1947) led to search among species of several genera. Starting with 
some of the early exploratory collections, Dr. Robert K. Vickery, Jr., began as a 
graduate student to explore broad cytogenetic relationships within the genus 
Mimulus (Vickery, 1951). Among many crossing experiments, the production 
of vigorous, fertile, Fi and F2 hybrid progeny between a wild form of 
Mimulus cardinalis from near the seacoast of central California and a form of 
M. lewisii from the high Sierras pointed to the likelihood that members of the 
Erythranthe section would be suitable for such experimental studies. Subsequent 
years of study have confirmed this conclusion. 


THe GENUs MIMULUS AND THE PLACE OF THE ERYTHRANTHE SECTION. The genus 
Mimulus of the Scrophulariaceae, or Figwort family, consists of approxi- 
mately 140 species, most of wihch are herbaceous annual and perennial plants 
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of moist or wet habitats, although some (sections Diplacus and Tropanthus) 
are semishrubs that grow in relatively arid situations. Most of the species of 
Mimulus occur in North and South America with some representatives in 
Australia, New Zealand, Asia, South Africa and Madagascar. The concen- 
tration of species 1s greatest in California. 

The history of the taxonomy of Mimulus has been reviewed by Adele Grant 
(1924) and Vickery (1952) and will be only outlined here with special refer- 
ence to the section Erythranthe. The genus was first described by Linnaeus in 
Acta Upsaliensis in 1741, and in 1753 he described M. ringens L., which occurs 
in the eastern half of the United States. Additional species were described later 
by Linnaeus (1763) and Willdenow (1800). The first species that is included 
in the group now recognized as the Erythranthe section was M. lewisi. It was 
collected by Meriwether Lewis on the Lewis and Clark Expedition near the 
Continental Divide in southeastern Idaho, probably in the vicinity of Lemhi 
Pass, and was described by Pursh (1814). 

Nearly a century after Linnaeus’ first publication, Bentham (1835) recognized 
25 species, 10 of which were new, including M. cardinalis Doug]. ex Benth., the 
second member to be described in our study group. Later treatments added new 
species and elevated some of those previously described to the status of separate 
genera. Nuttall (1838), for example, segregated the semishrubby group 
Diplacus, and Spach (1840) transferred M. cardinalis to the genus Erythranthe; 
Bentham (1846) reinstated M. cardinalis in Mimulus, but separated another 
group of three species under the genus Eunamus. Gray (1886) placed both 
Diplacus and Eunamus back in Mimulus with the rank of sections, and grouped 
the remainder of the species under two other sections, Eumimulus and 
Mimuloides. Later in the same year he established the section Oenoe. 

The section Erythranthe was established in 1885 by E. L. Greene and in- 
cluded both M. cardinalis and M. lewis, the only two members of the section 
(as it is now accepted) which were known at that time. Greene also included 
M. parish, a new annual desert species, which he said could almost as well 
be included in his next new section, Szmzolus. 

The third species of the Erythranthe section was first collected in 1895 by 
Alice Eastwood near Bluff City along the San Juan River in southern Utah. 
Although she referred this collection to M. cardinalis, she noted that the plants 
were smaller and had more dentate and more villous leaves than California 
representatives of this species. This collection was apparently destroyed in the 
San Francisco earthquake in 1906. In 1913 P. A. Rydberg visited the same 
locality and recognized that Miss Eastwood had collected a new species, 
M. eastwoodiae, which he named in her honor. In tgog E. L. Greene had 
described M. verbenaceus from Arizona and M. rupestris from Mexico, both 
of which we now recognize as members of the section. 

Subsequently, some taxonomists raised some of the sections of Mimulus back 
to the status of genera, while others reduced them again to sections within the 
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genus. In the most extensive taxonomic treatment made on the genus, Adele 
Grant (1924) recognized a total of 114 species grouped under 10 sections. She 
considered the section Erythranthe to consist of four species, M. cardinalis 
Dougl., M. rupestris Greene, M. verbenaceus Greene, and M. nelsoni Grant, 
the last of which she described as new. She placed Mimulus lewis and M. 
eastwoodiae together with a number of other species in a new section Para- 
danthus on the basis of corolla morphology. 

The first genetic information on Mimulus was reported by Brozek (1926) 
who studied the inheritance of flower spotting and other characters on horti- 
cultural forms referred to by the names M. tigrinis, M. triginoides and M. 
gquinqueovulaneus of the section Simiolus. Earlier plant hybridizers included 
crossings between M. cardinalis and M. lewisi for horticultural purposes (Focke, 
1881). Brozek (1929, 1930, 1931, 1932) later worked extensively on a Mendelian 
analysis of flower color inheritance in a horticultural form identified as M. 
cardinalis Doug. ‘These studies will be referred to again in the next chapter. 

Since 1950 extensive cytogenetic studies have been made in Mimulus by 
Dr. Vickery and his students at the University of Utah. These have resulted 
in great clarification of the general biosystematic relationships within the entire 
genus, although chief emphasis has been placed on questions relating to 
speciation and evolution within the Mimulus guttatus-glabratus complex of the 
section Simiolus. 

From their cytogenetic investigations Vickery and his associates have arrived 
at a clear picture of the genetic distinctness of most of the taxonomic sections 
of the genus that were recognized by Grant (Vickery, 1966). A notable excep- 
tion is that Grant, on the basis of morphological characters, placed M. lewisi 
and M. eastwoodiae in a new section, Paradanthus, composed of a varied assort- 
ment of species, rather than in the Erythranthe. Subsequent cytogenetic evi- 
dence (Vickery, Mukherjee, and Wiens, 1958; 1963) clearly establishes the place- 
ment of both M. lewisit and M. eastwoodiae in the Erythranthe section. 


SPECIES OF THE ERYTHRANTHE SECTION. Although the species of the Erythranthe 
section have previously been described, concepts regarding the relationships 
between this and other sections, and between the components of the section, 
have been modified considerably as evidence from biosystematic studies has 
accumulated. It is therefore helpful to review the taxonomy of the group in 
the light of the currently available information in order to establish a basis for 
the discussion and integration of the transplant, genetic, and physiological data 
presented in subsequent chapters. 

The members of the Erythranthe section are all herbaceous perennials that 
have rootstocks or creeping stolons, conspicuous flowers with red, orange, pink, 
lavender or purple corollas, and stems with opposite leaves that differ widely 
in shape and size among the species. All the members of the section grow in 
moist habitats, either along stream banks or near springs or seeps in mountainous 
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areas. As a group, the Erythranthe are readily distinguishable from other sec- 
tions of the genus. 

As presently understood, the section consists of the following Mimulus 
species: M. cardinalis Dougl., M. lewisu Pursh., M. verbenaceus Greene, M. 
nelsonu Grant, M. eastwoodiae Rydg., and M. rupestris Greene. 

Typical forms of all of the above species except M. rupestris are illustrated in 
figures 2 to 6. As is evident from these drawings, each of the species is of 
distinct appearance. They can easily be distinguished from one another by 
means of the simple key that follows. 

KEY TO SPECIES OF THE SECTION ERYTHRANTHE. 


A. Anthers not reflexed, loculi in the same axis as the filaments or slightly crescent shaped 
a. Style and stamens strongly exerted, petals reflexed, color of corollas vermilion to intensely 


OFAN Geared’ 5 Ajeet oleate PY a ens Pear eV orc iy cA na TER ces <A eR 1. M. cardinalis 
aa. Style and stamens included, petals spreading but never reflexed, color of corollas pale pink 
to deep rose-magentare, eyes cet Wee tie mae ten ee ren eee 2. M. lewisi 


AA. Anther lobes reflexed, horseshoe-shaped at the tips of the filaments 
a. Stems stout, spreading by coraloid rhizomes 

ly, Stems Sra, leaves elhinine, mosdhy Gxack OF GORE. . 555000000 0000008 3. M. verbenaceus 
bb. Stems arching, leaves lanceolate to oblanceolate, recurved and arching...... 4. M. nelsoni 

aa. Stems delicate, mostly prostrate, mainly spreading by stolons 
b. Leaves ovate to cuneate, coarsely and irregularly toothed all along the margins........... 
5. M. eastwoodiae 
bb. Leaves elliptical to oblanceolate, saliently and regularly toothed only along the upper half. . 
6. M. rupestris 


The distribution of the species shown in figure 1 is based on a study of 
herbarium collections at the University of California at Berkeley; the California 
Academy of Sciences, San Francisco; the Dudley Herbarium, Stanford; the 
Rancho Santa Ana Botanic Garden, Claremont; the herbarium of the Uni- 
versity of Washington, Seattle; and the Washington State University Herbarium 
at Pullman. Grant (1924) included an extensive citation of herbarium collec- 
tions and references to specific localities, so we will limit our discussion pri- 
marily to experimental materials used in our studies, which are listed in table 2. 

It is evident from figure 1 that M. cardinalis and M. lewisu have the most 
widespread geographical distribution, and that M. verbenaceus has a more 
limited range. The remaining three species, M. eastwoodiae, M. nelsonu, and 
M. rupestrts, are restricted endemics. 

The numerous characters that distinguish the species of the Erythranthe 
section are to a degree linked genetically with physiological qualities that 
determine their capacity to survive in contrasting environments, as described 
in Chapters I] and HI. Brief general descriptions of each of the six species 
follow. 


1. Mimulus cardinalis Doug]. in Benth. Scroph. Ind. 28, 1835. 


M. cardinals occurs along the Pacific Coast from lower California to Oregon, 
and inland to Arizona and Nevada. It grows at altitudes ranging from near 
sea level to 2,500 m. M. cardinalis consists of a large number of ecological races 
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Figure 1. Geographical distribution of species of the Erythranthe section of Mimulus. 
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Figure 2. Mimulus cardinalis Dougl. drawn from clone 6546-5, originally from Los 
Trancos Creek, coastal central California. Stem approximately half natural size; anther, 
x D8 Saacl, X FO, 
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that may differ in minor morphological characters such as pubescence and 
thickness of leaves, anthocyanin markings on leaves, shading of flower color, 
habit of growth, and width of leaves. Individuals within given local populations 
also vary among themselves, but to a lesser degree. 

A form occurring at high altitudes in Arizona has narrower leaves than other 
races, and is genetically differentiated by a mild sterility barrier that appears 
to be the result of a reciprocal translocation between two pairs of chromosomes 
(figure g, lower right). 

The flowers of Mimulus cardinalis are typically scarlet, but vary from pale 
reddish-yellow to yellow. Yellow-flowered forms have been reported by Grant 
(1924, p. 142) but have not been included in the present study. 


2. Mimulus lewisi Pursh., Fl. Am. Sept. 2:427, pl 20, 1814. 


The distribution of M. lewis tends to complement that of M. cardinalis, 
M. lewisu being widespread at higher elevations and latitudes and extending 
to climates with more severe winters (figure 1). The southern limit is the Kings 
Canyon region in the southern Sierra Nevada of California. From there it 
extends northward through the Sierra Nevada and Cascade Ranges to southern 
coastal Alaska and eastward to Alberta, Idaho, Montana, Wyoming, Utah, and 
Colorado. Like M. cardinalis, M. lewisi 1s composed of ecological races that 
differ in color of corollas, in size, shape of leaves, and in stem and branching 
characteristics. 

Forms from the Sierra Nevada of California are readily distinguishable from 
those further to the north and east in having narrower and less dentate leaves 
and pale pink flowers in contrast with the deep purple-flowered forms of the 
north and east. A partial genetic barrier exists between the Sierran and the 
northern forms, and is the result of two pairs of reciprocal translocations, as 
explained in more detail on page 12. Conceivably, the Sierran plants could merit 
taxonomic recognition as a subspecies, but in the present report we prefer 
to regard them as two regionally and cytologically differentiated races. 


3. Mimulus verbenaceus Greene Leaflets Bot. Obs. & Crit. 2:2, 1909. 


M. verbenaceus is less widely distributed than either M. cardinalis or M. 
lewis, and occurs in interior regions from southern Utah to Arizona, and 
south to Mexico. It is found in open moist places along streams and seeps. 
There is considerable diversity in form among various races that occur at 
altitudes ranging from 600 m to around 2,250 m. The species overlaps in 
distribution with M. cardinalis in Arizona (cf. figure 1). Genetically, however, 
M. verbenaceus 1s more closely related to M. eastwoodiae and M. nelsonu than 
to M. cardinalis. \t differs from M. eastwoodiae and M. nelsonii in leaf and 
flower characters, as shown in figures 4, 5, and 6. 
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Figure 3. Mimulus lewisit Pursh drawn from clone 7405-4, originally from the Harvey 
Monroe Hall Natural Area in the central crest of the Sierra Nevada of California. Stem 
approximately half natural size; anther, < 20; seed, X 60. 
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Figure 4. Mimulus verbenaceus Greene drawn from clone 7143-1, originally from the 
Bright Angel Trail, Grand Canyon, Arizona. Stem approximately two-thirds natural size; 
anther, < 20; seed, X 80. 
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4. Mimulus nelsoni Grant Ann. Mo. Bot. Gard. Vol. 11. 1924. 


M. nelsonu has distinctive characters in haying narrowly lanceolate, dark 


green leaves generally with anthocyanous cross bands in varying patterns and 


Figure 5. Mimulus eastwoodiae Rydberg drawn from clone 7144-1, originally from 
Arches National Monument, Utah. Stem approximately natural size; anther, xX 25; seed, 


x 85. 


long, crimson corollas. It is distributed at higher altitudes in the central high- 
lands of Mexico (figure 1) and as presently known occurs only over a limited 
geographical range. It appears to intergrade with M. verbenaceus in Mexico. 
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Figure 6. Mimulus nelsoni Grant drawn from clone 7422-13, originally from near 
E] Salto, in the highlands of Mexico. Stem approximately two-thirds natural size; anther, 
x 258 sseGl, XX 40, 
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5. Mimulus eastwoodiae Rydb. in Bull. Torr. Bot. Club 40:483, 1913. 


Mimulus eastwoodiae is of very restricted distribution in southeastern Utah 
and northeastern Arizona, as indicated in figure r. It occurs in special kinds 
of habitats in moist, shaded places, often in wet caves or under overhanging 
rocks in cliffy places in an otherwise arid climate. Its stoloniferous habit, as 
contrasted to the rhizomes characteristic of other species of the Erythranthe 
section, and its relatively small, highly dentate leaves and small flowers readily 
distinguish it from other species of the Erythranthe (figure 5). 


6. Mimulus rupestris Greene, Leaflets Bot. Obs. & Crit. 2:3, 1g09. 


This species is thus far known to occur only on the site of Pringle’s original 
collection in 1900, at about 2200 m elevation on wet cliffs at the Sierra de 
Tepoxtlan. It appears to be closely related to M. verbenaceus, M. nelsonu and 
M. eastwoodiae. No living material of M. rupestris has been available for the 
present investigations. 


CYTOGENETIC RELATIONSHIPS BETWEEN AND WITHIN speEciEs. All of the species 
of the Erythranthe section as described above are diploid with »=8 chromo- 
somes (figure 8). Extensive crossing experiments (table 1) within and between 
these species bring to light the existence of two genetically distinct components, 
as indicated in the diagram in figure 7. One consists of what may be regarded 
as the Mimulus cardinalis-lewisu complex, the other as the M. verbenaceus- 
eastwoodiae-nelsonu complex. First-generation hybrids within either group 
are fertile, in contrast with hybrids between the two groups, which are essen- 
tially sterile. There are differences in degree of fertility among hybrids within 
each of these two major groups, depending upon the particular combinations 
that are crossed, as shown in table 1. Some of these differences appear to be of 
significance in indicating biosystematic and evolutionary relationships and will 
be discussed later. 


Tue M. carbINALis-LEWIsIl COMPLEX. The very close genetic relationship 
between M. cardinalis and M. lewisii makes possible extensive cytogenetic and 
transplant studies with members of this group and combinations of hybrids 
between them. Chapter H is largely devoted to such studies, with special 
emphasis on the inheritance of characters of importance for survival in different 
kinds of environments. It seems significant that what appears to be parallel 
genetic barriers have evolved both within Mimulus cardinalis and within 
M. lewisu, as described below. 


PARTIAL GENETIC BARRIERS WITHIN M. Lewisit. As indicated in figure 7, M. 
lewis may be considered to be composed of two morphologically and geo- 
graphically distinct forms. One group occurs northward from the Warner 
Mountains in California through British Columbia to Alaska and eastward 
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to the Rocky Mountains. The other is native to the Sierra Nevada of California. 
When any of the former group are crossed among themselves in any combina- 
tion, all the F: hybrids show regular pairing and high pollen fertility (table r). 
The same is true when any of the races of M. /ewisu from the Sierra Nevada 


MM OHIGHLY FERTILE 


mmm = REDUCED FERTILITY 
———— SUERTE 


Figure 7. Degrees of interfertility between the major entities within the Erythranthe 
section of Mimulus. The shaded areas indicate taxa included within the two species- 
complexes. The tetraploid (47) refers to the amphiploid between M. nelsoni and M. 
lewisi. See also figures 9, 11, and 12. 


are intercrossed. Pollen fertilities in both instances range from 82 to 94 per cent. 
In F; hybrids between any of the members of the northern and of the Sierran 
group, however, there are consistent irregularities in chromosome pairing. 
Two sets of quadrivalents, either in rings or chains during first metaphase of 
meiosis (cf. figure 9, upper right) are characteristic, and pollen fertilities range 


from 33 to 56 per cent (table 1). 
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These cytogenetic differences are accompanied by combinations of morpho- 
logical characters that make the two forms readily distinguishable. “The most 
obvious difference is flower color. The corollas of the Sierran forms are mostly 
pale pink in contrast with the purplish to rose-magenta flowers of the northern 
race. The leaves are narrower and more lanceolate in the Sierran forms as 
contrasted with the northern races which are usually more ovate, shorter, and 
have longer-stalked glandular trichomes. 


M. cardinalis M. lewisii M. lewisii 


Los Trancos Timberline Stevens 


M.verbenaceus M. eastwoodiae M.nelsonii 
Grand Canyon Arches EL Salto 
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Figure 8. Smear preparations of pollen mother cells of species of the Erythranthe section 
of Mimulus, all having n=8 chromosomes with regular meiosis. 


The northern forms of M. lewisii also differ physiologically from the Sierran 
forms as evidenced by their responses to transplanting at the Stanford, Mather, 
and ‘Timberline field stations. 


PARTIAL GENETIC BARRIERS WITHIN M. carpinatis. Within M. cardinalis there 
are likewise two groups that have evolved minor genetic incompatibilities 
between them. A race of M. cardinalis from the Santa Catalina Mountains of 
Arizona when crossed with races from the Pacific coast or from the central 
Sierra Nevada yields Fi hybrids that show reduced pollen fertility of 60 to 
80 per cent as compared with go to g5 per cent in crosses between different forms 
from California (table 1). This partial sterility also is accompanied by some 
meiotic irregularity in approximately 50 per cent of the pollen mother cells. 
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FLOWER STRUCTURE IN RELATION TO DIFFERENTIAL POLLINATION IN Mrmutus 
CARDINALIS AND M. Lewisit. In view of the high degree of interfertility between 
M. cardinalis and M. lewisi1, the differences between these species in corolla-tube 
shape and in relative positions of anthers and pistils that favor different pol- 
linating agents are of biosystematic importance. 

The red-orange flowers of M. cardinalis have reflexed corolla lobes, and the 


M. cardinalis M. verbenaceus M. lewisii 
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Figure 9. Examples of meiotic chromosomal pairing in F, hybrids between members 
of the Erythranthe section of Mimulus. Smear preparations of pollen mother cells. 

Top row: left and center, regular pairing; right, irregular pairing between northern 
and southern races of M. lewzsi. 

Bottom row: other combinations with irregular pairing. 


thick-walled corolla tube is strongly compressed laterally so that the width 
of its aperture rarely exceeds 4 mm. From this slot-like opening the long style 
and stamen filaments are exerted to a distance of about 16 mm above the corolla 
aperture, the stigma exceeding the anthers by about 4 mm (cf. plate I, also 
the floral diagram in figure 13). The bright color of the flowers attracts 
hummingbirds whose long beaks fit naturally into the narrow corolla tubes 
while gathering the nectar secreted at the base. During this process pollen 
from the exerted anthers is dusted freely on the foreheads of the hummingbirds 


16 ERYTHRANTHE SECTION OF MIMULUS 


Us) oem 


PoLLEN FERTILITY, SEED SET, AND MEIoTIC BEHAVIOR IN SPECIES, INTRASPECIFIC, AND INTERSPECIFIC 
Hysrips oF THE Erythranthe SECTION oF Mimulus 


Percent Percent tr: 
Species and Races Normal Normal Mletoue 
Pollen Seed Set Behavior 
Mimulus cardinalis 
Races: 3 
Ieost: Trancost tx. 0 ere or ene ac. een ten ee en ara 94 86 8 II, regular 
Priests: Grad Oh tena Acme ae Ae aa rh eae eee Ree ea 96 89 8 II, regular 
BVOSEITIITE LUE inn teeny Oe mite ee oe ee AR, Me PON Sa eee 96 84 8 II, regular 
SanmAntonioi sb ealka spray ore eae anes ere en ire gk ae 5 8] 8 II, regular 
Baja-i@aliforniain \ desde ae ohh: Cue eae ne os 95 86 8 II, regular 
Marshall iG ul chia. eee ccs ee Ne ne fe oe ater o2 UD 8 II, regular 
F; Hybrids 
Los ‘Iirameos SK IES Gia ooo ccc nc oon oboe 94 87 8 II, regular 
Los “Wrearcos SK WOSSTIE 2.006008 avc00suseose 94 88 8 II, regular 
Los Wiameos SK Sam Aimwoin@® IE, oe .do000000 000 92 91 8 II, regular 
Log Irameos S< lRaya Callitwornia .....00000c000 0c 95 84 8 II, regular 
Pmnesis Gracle SK WOsSnmlt ..c6socnccvonnvodece 94 86 8 II, regular 
resis Grace S< Bajja Callie 5.000000 0cc oh 95 86 8 II, regular 
Vossnmtie SC Gam Amon ..cc0500000c0ccvvccc: 93 81 8 II, regular 
Yosannws S< Baya Calton ..5c0c0050ncccccvsve 93 83 8 II, regular 
Mamaia, Gulldm SK ILOS “WTVNCOS .ooncccccoccovse 82 42 IL, I IAW 
Marsinallll Gulldn S€ IES Grace ...c0ncaccccuce 76 61 6 II, 11V 
Mearsoalll Eula SK WOSSTMIE oo ouc0ceoavccacsccs 63 50 ML, JL IY 
Marcnalll Guldn SK Raye, Callitorive ....c0000acccce 74 38 (H JUL, I) TAY 
Mimutlus lewis 
Races: 
ViOSEIMILER AGRON ccs eee eeeetigeas, ON ae tae- oo ey ab ena awe. Cramer ee 90 9] 8 II, regular 
Warnaracky 6 a kentite eames. hen dane 5 eer aN ae renee 9] 88 8 II, regular 
PROT CUDING EArt nl een ees Oh Re (male sterile) ... a8 
A EShooloverg OU seer ame eeatny a eon SL Te Eo EN ie 2 hae 89 89 8 II, regular 
VAIO? MICAS ..0cccncceccscacensuovsocce 95 86 8 II, regular 
Mie Rimes pacientes. wan te i sh eka Pen Se ee me ae 4 88 8 II, regular 
SUEVEMS RASS amen payer Meares) 3 Sega sh ore ee ONE Ome eee 86 84 8 II, regular 
DEO PATI YP. aS Stabe eh aren eee See ae pee eran Se toc ea a 96 82 8 II, regular 
F, Hybrids 
Worse S< WAannvmeXK sccccsoacnossocvcccac00d 92 86 8 II, regular 
Pomenjaoe SK WOSAME ..¢o000ve000000000000006 89 92 8 II, regular 
Woxsene SK Witenlxadlhtne cece coascocoobenascena 92 88 8 II, regular 
imaloedbvxs SK “Warsneweansde .cccccsccocceaccaccboen 93 84 8 II, regular 
eaooermcd< S< Witanloedbine ...0000c00cs0caccunscue G2 83 8 II, regular 
orrewyonne SK “Witowloedbve .,.c6ccccnccocoenovane 9] 86 8 II, regular 
Warner IMtS, Sk SWaVEDS PAGS oo bocce o acon oeenenoe 87 82 8 II, regular 
Warner IMS, SK SienenS PASS occ cc cosnscancucas G4 86 8 II, regular 
Warmer IMIS, SK Iowan IAG .ccccscanecvoc00ccn 95 84 8 II, regular 
Mme, Rewer SK Swapens PGS ooo ccccccccoccovesvn 94 88 8 II, regular 
Mle, INawraner SK WewavN PAGS ooo eso cco vob veoceee 94 85 8 II, regular 
Sevens iPass S< Ilan IPAS soc coo cv cose nvcoKc 93 79 8 II, regular 
Iimoedhimne S< Wearsner MNS . 26 00cccccccs 0d 00acs 33 40 4 11,2 1V 
simberlinem <a Viteehainicha eee enn ne 62 >») 411,21V 


(Continued on following page) 
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TABLE 1—Continued 


Percent Percent ak 
Species and Races Normal Normal Mle sorte 
Pollen Seed Set Behavior 
Timmloedhine SK Stevens PAGS oa cccosacsccconvccnc 58 43 411,21V 
Trvealoedhine S< Ween PAGS .ossccccsccesanacnooe 46 Dy) 411,21V 
Mimulus cardinalis-lewisu combinations 
Fi Hybrids 
Los Wrameos SK WOSEME J oncccconnvhoevoucugoer 78 78 8 II, regular 
ILos ‘Uiavasos S< Warmers .o..hsaroceorsaenvess 76 80 wages 
Los ‘Wiraneos S€ IROREOINS 265 50n00s00000n00000% 73 86 8 HI, regular 
iLos “rarweos SK ‘Wirtaloedlvne .5..600c0ncansccvnee 76 89 8 II, regular 
meses Grace S< ‘Unione 26045000000 n0000000 68 81 ro 
Woseimne S< Wosemite oo coos accccc oo rons neace 80) ial 8 II, regular 
Wosanite S< “Warner? ..ss6006ce0ncceoo nn one 81 V7 
Yosamitvea SK IRomenyonne 5 osscceouccovscsuccuces §3 82 oe 
Yossmme S< ‘Wivonloadbie ssseesacecacsecgndsccs 77 92 8 II, regular 
Sam Amiomo Ik, SK WOSSRME 6.0 cccccoescvndooe 78 89 8 II, regular 
Sam Antone Ik, SK “Wannewade 5 ..00500e0cc0e008 83 86 ate 
Sam Avmnom@ JOR, SK Wivdloermbine ..4.000ceccccace 76 88 
Baya Calltromiia SK WOSSimitw ..55ca5nennccenooce TS 87 
Beja Calitomnia SC Tamers ..socc0cbesdeunces 84 88 
Baja Callus S< IROmewyoNe ..socc00eseneancoe 82 87 ee 
Raja Calhiomia S< Wivolsedbvne .5.56500000000000 82 89 8 II, regular 
Marsdnalll Guildn S< Wiener 2. cccocccacccvnce 48 34 611, 11V 
Los ‘ravncas SK \Weariivere IME soocosonnccccnoude 40 50) 41I,21V 
ILos ‘Trameos SK IM IRAE 66550 occcscccn0ce00 37 36 Ste: 
Los Iirameos SK Sweavens PASS coco ocsovccavvocane 42 48 4 1I,21V 
ILos Iirameos S« ILogein PAGS oon c oo ecb boc 0ne 34 30 ae 
Press Grace SK Wyarner IMS. coco cocoon vnvbod 22 28 SARS 
Pests Grade SC IM, Ieee o 5555005000 onnn000% 28 26 4 11, 21V 
Press Grace SK Stevens PASS oo ccc conesonneccve 26 23 411,21V 
Pests Grace S« Ilowen PAGS su 6cc0 0c edsovccce: 24 26 ee 
Vosamme SC IMIi, IRAN? “o. s od occ bo Cee bcoon oor 33 46 
Wosemme SK Gwavens PASS ..cccccccccccecscoone 34 30 na 
Sain Avmiomnm Ik, SK ILowain PASS ..0000cccncvcncd 30 27 41I,21V 
Baya Calkivorma SK Warmer IMS. 5525000000000 06 30 8 4II,21V 
Baya Callitionma S< IM, Rewer ooo cucvcsosv00cn 34 13 411,21V 
Baja, Calluwormia SK Sienenes IPRS .ohccnacencoaesd 28 19 na 
Baja Calkuonma S< Iowan IPAS ..c.0cn0c00cnc000c 29 16 ATH, 2 IN 
Marsal Guildn S< Warner IMR .coaccccenaccone 3] 4 
Mearsnalll Gulldn S< Mite, Iawonee . 5 o040cuccocaaenc (sublethal ) 
Mearanall Galan SX Sieyeine P68 os ceccconcccove (sublethal) 
Marsmalll Gullda S< Wega IPAS 5. cccccoccnsavcce 23 12 A 10, 2 NY 
Mimulus cardinalis—verbenaceus combinations 
Fy Hybrids 
LOS ‘iramneos SK Grrarvel CAMO oocbecccrccendcoce 2I 12 4 II, LIV, 41 
Paests Grace X< Grane Cajon .50c0cccc0c000000 14 12 > JO, LIN, 2 1 
Yosemmce S< Grrarnel Cavasnoin os000500000000000000 21 14 4 II, 1V, 41 
San Amiomo Wk, S< Giravel Casasyorn , 55565000 aa0c 14 BAS: a 
Baya Crlliionmea S< Giravavel Campo oooccsccacoeur 12 1] 6 II, 11V 


Marsirall@Gulchw<eiGrande@anyongennn | ia lier 


(Continued on following page) 


ERYTHRANTHE SECTION OF MIMULUS 


TABLE 1—Continued 


Percent Percent whee 
Species and Races Normal Normal Meiotic 
Pollen Seed Set Behavior 
Mimulus lewisu—verbenaceus combinations 
F, Hybrids 
Wireloedhine SK Giramel Camyom ooocccccnccn0cccc 20) 1 6 lilt, Il INV 
Mic, Rawr S< Grane! CACM .o65cconencoceonce 14 0 6 Ul, Th NY 
Logam Pass SK Grain Camyom ..6500000c0acenn00 14 iLil 6 Iii, il UW 
Mimulus cardinalis—eastwoodiae combinations 
F, Hybrids 
ILos “Uieameos SK ARENES oo ose anoeccnccc00e50000 (unsuccessful) ... Wek 
YiOSEMUtEH <A Ch esweis nia. 50 Wes aR ee 10 | Ay Wl, NY, 4 
Sam miro Ie, Sk ARENES ooo 00000c0c0v0000000 5 4 4, IW 41 
Baja Calhurommin SK ARENES .26denca0nsc0ccccvded 6 3 
Mimulus lewisu—eastwoodiae combinations 
F, Hybrids 
NOSIS CeVAVRONSS! Jo Gols ess didlo oiiog 6 ub ole oo. 9 | 4) JG, TL NY, 4 DI 
Mamianacls «Sc. JA ches hey sae Sos Sea ae ont perce eee 8 3 sy: 
IMvsaloerdling SK AWeneS cbca0cascccsvcccvscc00006 8 6 4 UI, IL TINY, 4¢ J 
Mimulus cardinalis—nelsonu combinations 
F, Hybrids 
Wosaiirancos x4 Ei lGSaltome. aeeeenewis eran ee 15 ae 5 Ill, WIN, 2 Il 
mess Grracle S< Ill Salt ..ccnccccccvcdc0e0c0de ili 6 
VWeowesonnes SCIEN SAMO onc op poo bon caccedoooandonde 12 8 
Sam Amon INK, SK Jl Gall occ cco ccocscccons0 12 10 Rae 
Baya, Calluormia S< Wl Gall .oonccccccaccccvcc0c 10 17 > 1s WIN, 2 1 
Maroalll Gulleln S< Wh Sal ..556000000000000000 12 
Mimulus lewisu—nelsonu combinations 
F, Hybrids 
Misenloverd braves S< JB Sali® ocsccoacccccccc06b000000 22 5 3 Jb, 2 UW, 2 i 
Mic, Iverimnee S< Js) Salt) ocococcccgoecasadoouvec 12 2 4 II, 1IV, 41 
oganePasst <iEeSaltowy a. wees aie eee eee 13 3 3 lL, ZN, 2 I 
Mimulus verbenaceus 
Race: 
Grand Canny Onan sae eee Gare tere Cee 90 88 8 II, regular 
18h Hybrid 
verbenaceus Grand Canyon X eastwoodiae Arches 84 8] 8 II, regular 
Mimulus eastwoodiae 
Race: 
ARCHES! yd eG nae, nn ee a OA AI Se 76 67 8 II, regular 
F, Hybrid 
eastwoodiae Arches < nelsoni El Salto .......... 80 82 8 II, regular 
Mimulus nelsoni 
Race: 
Bile Salltotee, scorch <0 eer quer ee ee A tas Jey ee 73 8 I, regular 
Fi Hybrid 
verbenaceus Grand Canyon X nelsoni El Salto ... 98 83 8 II, regular 
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Figure to. Constancy of progenies grown at Stanford derived from seed harvested on 
plants of Mimulus lewisu and M. cardinalis growing intermixed and flowering simulta- 
neously in a natural habitat in the central Sierra Nevada. See text, and figure 28. 


so that they become effective pollinating agents as they visit different flowers. 
Both in the experimental gardens and in natural populations two hummingbird 
species, Calypte anna 'T. L. (Anna) and Selasphorus rufus TY. L. (Rufus) were 
observed to be habitual visitors of M. cardinalis throughout the flowering season 
and appear to be the most common pollinators of this species. 

In contrast with M. cardinalis, M. lewisi has pale pink to deep rose flowers that 
have erect or spreading corolla lobes. The walls of the corolla tubes are thin, 
membranaceous and flexible, and the corolla tubes are 10 to 13 mm across. 
The style and anther filaments are much shorter than in M. cardinalis and are 


M.nelsonii x M.lewisii 
EL Salto Timberline 
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7540-2a 7540-2b 7606-c 


Figure 11. Chromosomal pairing during first metaphase of hybrid derivatives of 
Mimulus nelsoni < M. lewisu. Left, irregular pairing in the diploid sector (n=8) of an 
F, hybrid; center, partially irregular and regular pairing in the tetraploid sector (n=16) 
of the same F, individual; rzght, regular pairing in the self-perpetuating amphiploid of 
the tetraploid F,. 
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included well within the corolla tube about 4 mm below the corolla tube open- 
ing (cf. figure 13). The flowers of M. lewisi are ideally suited for pollination 
by bees. These insects are able to crawl down the wide corolla tubes when 
gathering nectar at the base. In this operation pollen is released on their 
bodies and is carried from flower to flower. Both honeybees and wild bumble- 
bees have been observed to act as pollinators, the latter especially at high 
altitudes in natural habitats of M. /ewisu. In the Timberline population three 
species, Bombus centralis Cresson, B. balteafus Dahlbom, and B. flavigfrons 
Cresson have been taken from corollas of M. lewisi. 

Although M. lewisi is frequently visited by hummingbirds, and M. cardinalis 
by bees, and both species, in turn, by other insects including carpenter bees, 
butterflies, sphinx moths, ants, and beetles, cross-pollination between the two 
species has been found to be extremely rare both in the experimental gardens 
and in natural populations. 

Mimulus cardinalis and M. lewis seldom occur together under natural 
conditions because of their different habitat requirements. Consequently, they 
are essentially nonoverlapping in distribution (cf. figure 1). At mid-elevations 
on the western slope of the Sierra Nevada, however, seeds of M. lewisi from 
high elevations are occasionally carried by streams to lower sites occupied by 
M. cardinalis and establish ephemeral populations. Progeny tests have been 
made from two such sites located about 30 miles apart in Yosemite National 
Park. One was on the floor of Yosemite Valley along the banks of the Merced 
River at approximately 1300 m elevation. At this site a small but essentially 
constant population of about 22 individuals of M. cardinalis was studied from 
1956 through 1960. During the summer of 1957 three individuals of M. lewisi 
became established in this colony, and again in 1959 five individuals of this 
species were observed. In both years the plants of M. cardinalis and M. lewisu 
flowered simultaneously at this site. Progeny tests consisting of 200 seedling 
plants harvested from each species on both years failed to yield any Fi hybrids, 


Plate I. Floral characters in Mimulus lewisit and M. cardinalis and their inheritance in 
the first- and second-generation hybrids. 

Upper row: left, M. lewisi originally from the Harvey Monroe Hall Natural Area at 
3200 m elevation; right, M. cardinalis from near sea-level in central California; center, 
their F, hybrid. 

Lower rows: Sample of second-generation plants showing various recombinations of 
pigmentation in the petals and floral structure: 7135-35, a cardinalis-like derivative having 
yellow carotenoid pigments in all petal tissues, and vegetatively also like M. cardinalts 
(parent of the F, population 7428, Plate II, bottom); 7111-17, an intermediate derivative 
lacking carotenoid pigments in the petal lobes and vegetatively like the F,; 7111-16, a 
recombination essentially like M. /ewisi in pigmentation, floral, and vegetative character- 
istics (parent of the F; population 7541, Plate II, top); 7135-60, a recombination like the 
F,, but with yellow carotenoid pigments in the mesophyll of the petal-lobe tissues; 6700-246, 
a recombination having carotenoid pigments in the lower epidermis and in the mesophyll 
but not in upper epidermis, and unusual in that the stamens exceed the styles; 6699-303, a 
M. cardinalis-like recombination in flower structure, but lacking carotenoid pigments in 
the upper epidermis. 
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Plate II. Examples of patterns of variation in floral characteristics in three F, populations of M. lewis x M. 
cardinalis. 

Top: Array of progeny from 7111-16, a /ewzsi-like F, individual (see Plate 1). 

Center: Array from 7135-34, an F,-like F, derivative. 

Bottom: Array from 7135-35, a cardinalis-like F., plant (see Plate I). 
Note the genetic coherence expressed in the linkage between floral pigments and floral structure, especially in 
the degree of exertion of the anthers and pistils. 
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Figure 12. Flowers of Mimulus nelsoni, clone 7422-12 (upper left), M. lewis, clone 
7405-4 (upper right), and their F, hybrid (upper center). 
Below: Flowers from the diploid sector of the F, hybrid 7540-2 (deft) and the tetraploid 
sector of the same plant (right). 
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nor were any hybrids found in the area of the original site during subsequent 
years. 

A second locality studied in 1968 and 1969 was on a small island and gravel 
bar along the South Fork of the Tuolumne River at about 1400 m elevation. 
Here nearly equal numbers of both species were present with 53 plants of 
M. cardinalis and 44 of M. lewisu. As in the previous locality, flowering of the 


Figure 13. Diagrams of longitudinal sections of flowers of different species of the 
Erythranthe section of Mimulus showing differences in the exertion of anthers and stigmas 
in relation to corolla tubes. 

Left to right: Mimulus eastwoodiae, M. cardinalis, M. nelsonu, M. verbenaceus, and 
M. lewisn. 


two species was simultaneous, starting in mid-June and continuing through 
September. Seed set on all plants of both species was excellent, with from 80 
to go per cent of the flowers having full seed capsules. Seed samples for progeny 
tests were collected on both species twice during the season. The first collection 
was made during the early part of August when the seeds of most of the 
earlier flowers were ripe; the second was made in September when most of the 
plants were past flowering and in ripe fruit. From each species at each date 
two kinds of samples were taken. One consisted of all the ripe capsules from a 
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single plant of each species that grew within 30 cm of each other. The second 
consisted of a single ripe capsule from each of the remaining plants in the 
entire population of the two species. 

The seeds thus collected were germinated and grown at Stanford, the 
seedlings being space-planted in rows in a garden. When the resulting popula- 
tions were in full flower, individual seedlings were scored on the basis of their 
morphology on an index scale, as explained on page 30, low values falling within 
the range of M. lewis, and high values within the range of M. cardinalis. he 
frequency histograms shown in figure to summarize the results of this study. 
As is evident from the figure, not a single hybrid between M. lewisii and 
M. cardinalis was found. Moreover, thorough search at the site of their origin 
in 1969 failed to reveal the presence of any hybrids. The population of M. 
cardinalis remained essentially stable with 56 plants present, but the frequency 
of M. lewisii dropped from 44 individuals in 1968 to only 13 in 1969. 

From these tests it is evident that the combined effect of ecological isolation 
and differential pollinating agents serves as an extremely effective barrier to 
natural intercrossing between these morphologically very distinct but genetically 
highly interfertile species. 


Tue M. vERBENACEUS-EASTWOODIAE-NELSONIL COMPLEX. Crosses between any 
of these morphologically distinct species, in any combination, yield vigorous F; 
hybrids that in some instances show slightly reduced fertility over crosses made 
within either of the three species (cf. table 1). Conspicuous morphological dif- 
ferences between Mimulus verbenaceus and M. nelsonu are found, for example, 
to segregate widely in the F2 generation, and show many kinds of recombina- 
tions, as described in Chapter II. 


AN AMPHIPLOID BETWEEN M. NeLsonit AND M. Lewisit. The relative genetic 
distinctness between the M. cardinalis-lewisi complex, on one hand, and the 
M. eastwoodiae-verbenaceus—-nelsonu complex, on the other, is further demon- 
strated by the formation of a stable new tetraploid amphiploid derivative be- 
tween M. nelsoni and M. lewisu. The amphiploid was derived by pollinating 
a clone of M. nelsoni (7422-12, El Salto) with M. lewis (clone 7405-4, Timber- 
line). Among a population of 92 vigorous F; plants, one was a sectorial chimera 
that spontaneously produced a segment of tetraploid tissue in addition to normal 
diploid tissue. Flowers produced on the diploid sector were sterile, whereas 
those on the tetraploid sector yielded a high percentage of viable seeds. These 
gave rise to a stable, non-segregating F2 population of amphiploid progeny. 
Figure 11 shows drawings of irregular meiotic pairing between the parental 
chromosomes in pollen mother cells of the diploid sector of the Fi hybrid, 
examples of both irregular and regular pairing in the tetraploid sector of the F:, 
and regular normal pairing in the tetraploid amphiploid F2 derivative. Figure 12 
illustrates flowers of the parents and sterile Fi: hybrid (above) and diploid 
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and tetraploid flowers of the sectorial chimera from which the amphiploid 
originated. 

The amphiploid derivatives, unlike the M. lewisi parent, grow vigorously 
in the Stanford garden and appear as a uniform, constant-breeding population. 
So far as we are aware this is the only known instance of polyploidy within the 
Erythranthe section. In other sections of the genus, as for example section 
Simiolus, studied extensively by Vickery and his associates, polyploidy is a 
prominent feature of speciation. Mukherjee and Vickery (1962) reported in 
this section an example of what may have been amphiploidy in an inter- 
specific cross between inter-sterile M. tilingu and M. guttatus, but the genetic 
reproducibility of this combination was not tested. 


ATTEMPTED CROSSES WITH SPECIES OUTSIDE THE SECTION EryTHRANTHE. In his 
extensive crossing experiments Vickery (1966) attempted a number of 
hybridizations between M. cardinalis and various forms of M. guttatus, M. 
ringens, M. luteus, and M. primuloides, and also between M. lewisu and the 
same group of species. In none of these instances were viable Fi hybrids pro- 
duced. The present authors have confirmed this negative evidence from 
numerous attempts to obtain progeny in combinations between M. cardinalis 
and M. primuloides, M. guttatus, M. moschatus, M. dentatus, and other species 
outside the Erythranthe section. 


CONCLUSIONS CONCERNING THE BIOSYSTEMATIC RELATIONSHIPS WITHIN THE 
ERYTHRANTHE SECTION. The biosystematic evidence indicates that the Ery- 
thranthe section has evolved as an evolutionary assemblage separate from other 
species of Mimulus over long periods of geological time. The separation be- 
tween the M. cardinalis-lewisit complex and the M. verbenaceus-eastwoodiae- 
nelsoni complex, although occurring considerably later in the evolutionary time 
scale, is undoubtedly also of ancient origin although the genomes of the two 
complexes still function harmoniously when combined in an amphiploid. 

The question as to how the Erythranthe should be dealt with taxonomically 
suggests two possible choices. One is to recognize the entities named above 
as valid species, including perhaps the sixth as yet little known M. rupestris col- 
lected by Pringle. Another alternative is to consider the M. cardinalis-lewisu 
complex to be a single biological species, and the M. verbenaceus-eastwoodiae- 
nelsonu complex to be a second species. 

Most taxonomists undoubtedly prefer to follow the classical approach and to 
attach specific names to such recognizably distinct entities as M. lewis and 
M. cardinalis, and to M. verbenaceus, M. eastwoodiae and M. nelsoni. In the 
absence of cytogenetic evidence, Kearney and Peebles (1942) regarded M. 
verbenaceus as a variety of M. cardinalis on the basis of morphological similarity. 

From a biosystematic point of view we are inclined to regard the Erythranthe 
section as being composed of only two biologically distinct species, as reflected 
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in the diagram, figure 7. Support for this view can be most clearly seen from the 
genetic evidence presented in table r. Whether or not the nomenclature should 
be altered to reflect this concept is an open question. We have chosen to follow 
the classical classification for the purpose of emphasizing the morphological 
and ecological contrasts between M. cardinalis and M. lewisit in our presenta- 
tion of the available experimental evidence relating to the genetic structure 
and composition of these and other members of the section. 


I] 
GENETIC AND TRANSPLANT STUDIES 


This chapter summarizes data obtained from transplant experiments at the 
Stanford, Mather, and Timberline sites combined with inter- and intra-specific 
crossings between entities of various ranks within the Erythranthe section of 
Mimulus, as outlined in Chapter I. These results were accumulated through 
the years from 1952 through 1969 from cultures involving many thousands 
of plants. To attempt a detailed account of all the experiments and recorded 
observations would lengthen this report unduly. We will therefore endeavor 
to portray the most salient features that have emerged and to interpret their 
significance as they relate to mechanisms of natural selection and evolution in 


higher plants. 


METHODS 


SOURCES OF EXPERIMENTAL MATERIALS. Many of the Mimulus plants were 
either obtained as transplants dug from their natural habitats, as described in 
earlier studies of this series (cf. Clausen, Keck, and Hiesey, 1948; Clausen and 
Hiesey, 1958) or were grown from seed collected from plants in their natural 
habitats. Seeds collected from distant areas were kindly furnished to us by 
other botanists, including Dr. R. K. Vickery, Jr., Dr. Kenton Chambers, Dr. 
Richie Bell, Dr. Dennis Breedlove, and Miss Jane Reese (cf. table 2), to whom 
the authors are most grateful. Table 2 lists the principal collections of Mimulus 
used in the present studies. 


TRANSPLANT EXPERIMENTS. The time-honored method of establishing vegeta- 
tively propagated clones of individual plants, which are subsequently grown in 
gardens at the altitudinal stations at Stanford (elevation 30 m), Mather 
(1400 m), and Timberline (3050 m) for the purpose of determining expression 
of growth, survival, and response patterns in contrasting climates, has supplied 
a substantial part of the data in these investigations. For details describing 
the transplant stations and methods of transplanting, the reader is referred to 
the earlier publications of this series, especially Clausen, Keck, and Hiesey (1940, 
1948) and Clausen and Hiesey (1958). In Mimulus the transplant experiments 
proved to be especially useful for comparing the survival and overall growth 
performance of species and races originally from contrasting climates, and of 
first-, second-, and third-generation progeny derived from crosses between them. 


CrOssING EXPERIMENTS. Controlled pollinations between the various members 
of the Erythranthe section are easily made. The single stigma and the well- 
separated and easily removed anthers that are attached to the corolla tubes 
are readily emasculated with simple tools. A single seed capsule may, in fertile 
combinations, yield up to 600 or more offspring. Mature seeds germinate readily 
when grown in soil in seed-pans in a greenhouse. After germination, the 
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WABIERS2 


CuLTURES OF Mimulus UsED IN CROSSING AND TRANSPLANT EXPERIMENTS 


Culture Reference Elevation, Latitude, Longitude, 
Number Origin Code meters degrees N. degrees W. 


Mimulus cardinalis Doug). 


6542 Los Trancos Creek, Trancos 30 37° GY WOES 
San Mateo County, 
California 

6578 Canyon del Diablo, Baja 600 Sila IS° Di’ 


San Pedro Martir, 
Baja California. 
K. Chambers 531 


6694 Yosemite Valley, Yosemite 1200 37° 43° 119° 40° 
Mariposa County, 
California 


6998 Woodfords, Alpine Woodfords 2000 38° 45° 119° 50’ 
County, California. 
F. J. Fisher 


7114 Little Wolf Creek, Grass Valley 800 3Q” 1D" Hae SS 
Grass Valley, Nevada 
County, California 


7116 North Crane Creek, Crane 1400 37° 47' 119° 50’ 
Yosemite National Park, 
Tuolumne County, 
California 


7117 Middle Fork of Tuo- Middle Fork 2100 37° 49! 119° 45’ 
lumne River, Yosemite 
National Park, Tuolumne 
County, California 


7120 San Antonio Peak, San San Antonio 2200 34° 16’ ily BB" 
Gabriel Mts., Los 
Angeles County, California. 
Verne Grant 9760 


7142 Beaver Creek, Siskiyou Siskiyou 700 42° 56’ 22” Ay 
County, California 

7210 Priests Grade, Tuolumne Priests 400 37° 48" I2O° 7" 
County, California 

TAM Jacksonville, Tuolumne Jacksonville 240 37° Sil" 20? 2H 
County, California 

7245 Marshall Gulch, Santa Marshall Gulch 2440 BD° WS 110° 46’ 


Catalina Mountains, 
Pima County, Arizona. 
J. Reese 


7246 Bear Wallow, Santa Bear Wallow 2280 32° DS’ 110° 43’ 
Catalina Mountains, 
Pima County, Arizona. 
J. Reese 


(Continued on following page) 
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TABLE 2—Continued 


Longitude, 
degrees W. 


Latitude, 
degrees N. 


Elevation, 
meters 


Reference 
Code 


Culture 


Number Origin 


Mimulus lewisi Pursh 


6632 


6541 


6686 


22. 


7123 


T24 


TN25 


J27/ 


7128 


JNZY 


7145 


7146 


J2M2 


7256 


East of Stevens Pass, 
Chelan County, 
Washington 


Harvey Monroe Hall 
Natural Area, Mono 
County, California 


Merced River, Yosemite 
National Park, Mariposa 
County, California 


Tamarack Flat, Yosemite 
National Park, Mariposa 
County, California 


Smoky Jack, Yosemite 
National Park, Mariposa 
County, California 


Porcupine Flat, Yosemite 
National Park, Mariposa 
County, California 


Murphy Creek, Yosemite 
National Park, Mariposa 
County, California 


Warren Creek, Mono 
County, California 


East side of Ebbetts Pass, 
Alpine County, California. 
F. J. Fisher 


East side of Donner Pass, 
Nevada County, California. 
F. J. Fisher 


Big Cottonwood Canyon, 
Wasatch Mts., near Alta, 
Salt Lake City, Utah. 

R. K. Vickery 


Mt. Rainier, Mt. Rainier 
National Park, Pierce 
County, Washington. 
N. K. Potts 


East side of Logan Pass, 
Glacier National Park, 
Glacier County, Montana. 
R. Johnson 


Warner Mts. near Lily 
Lake, Modoc County, 
California. Haller 1462 


Stevens 


Timberline 


Yosemite 


Tamarack 


Smoky Jack 


Porcupine 


Tenaya 


Warren 


Ebbetts 


Donner 


Alta 


Rainier 


Logan 


Warner 


760 


3200 


1200 


1900 


2300 


2400 


2500 


2800 


2100 


2000 


1200-1500 


2000 


2000 


(Continued on following page) 


a SOY 


37° SS 


37° 43 


37° 31" 


37° SM 


37° a8 


37° SK" 


37° Dd” 


30° 35" 


BOP IO" 


40° 35’ 


OM 


Al abs)’ 


ALS Sy 


ca. 


QO” ZS" 


119° 19% 


IO? toy 


WO" 43 


L19> 4" 


19S 347 


IO" 27" 


IIO™ 13? 


IO” 447" 


I2ZO° 13" 


HTN 37” 


2S alsy’ 


13° ZO’ 


120% 14 
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TABLE 2—Continued 
Culture Reference Elevation, Latitude, Longitude, 
Number Origin Code meters degrees N. degrees W. 
7043 Jarbidge Mts., Elko Jarbidge 2400 45° 45! IS? Qe 
County, Nevada. 
O. Shields 
7644 Wheeler Peak, White Wheeler 3200 30" BY 114° 19’ 
Pine County, Nevada. 
O. Shields 
Mimulus verbenaceus Greene 
7143 Bright Angel Trail, Grand Canyon 610 36° 6’ 2" G 
Grand Canyon, Coconino 
County, Arizona. 
Earl Jackson 
7548 Above Weeping Rock, Zion 1500 3° IG ID? 57" 


Zion National Park, 
Washington County, 
Utah. J. Reese 


7638 Canyon de Tarahinure, Sinaloa 1550 
Surotato, Sinaloa, 
Mexico. D. Breedlove 
15600 


7639 Canyon de Tarahinure, Surotato 920 
Surotato, Sinaloa, 
Mexico. D. Breedlove 


15616 
Mimulus eastwoodiae Rydg. 
7144 Arches National Monument, Arches 1300 ca. 38° 40’ 


Grand County, Utah. 
R. K. Vickery 339 


7420 Mystery Canyon, San Juan Mystery a, 1300 @a, 37° 19" 
County, Utah. T. Morley 
UG Rainbow Bridge, Bridge Rainbow ca. 1000 ca. 37° 4! 


Canyon, San Juan County, 
Utah. T. Morley 


Mimulus nelsoni Grant 


7422 Road between Mazatlan El Salto 
and El Salto, Durango, 
Mexico. C. Richie Bell 
17703 


7640 Between Mazatlan and Mazatlan 
Durango, Durango, Mexico. 
Dennis Breedlove 


7641 Between Villa Union and Durango 2400 
Durango, Durango, Mexico, 
on highway 40. 
H. G. Baker 7641 


a N09” 35° 


Gi, MIB? XS! 


MIO? 57” 
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seedlings may be transplanted to flats in which they may be grown to a size 
sufficient for transfer either to pots or to field plots. Clones of individual plants 
can readily be established through vegetative propagation either by dividing 
root stocks or by making cuttings from growing shoots, and can be used in 
any number of experiments involving physiological and biochemical studies 
in controlled environments. 


RECORDING AND PROCESSING OF DATA. Records pertaining to each individual 
and to propagules made from it were kept in notebooks at Stanford and at the 
altitudinal field stations. Genetic data on as many as 24 specific characters have 
been recorded over the years. The results at each transplant station, averaged 
over a period of years, have been coded and transferred to IBM cards for 
statistical analysis with the help of computers. This is a technique especially 
useful for studying correlations in inheritance between various combinations 
of characters in second- and third-generation progenies from intra- and inter- 
specific crosses. The methods used for coding characters in Mimulus were 
essentially the same as those described in an earlier study of Potentilla (Clausen 
and Hiesey, 1958, pp. 110-114). 

InvEx vALues. ‘The use of index values has proved to be helpful for comparing 
the overall characteristics of an individual plant of hybrid origin in terms of 
its degree of similarity to or difference from either original parent. ‘These values 
are obtained by simply adding up the total score for that individual of its rating 
on a scale of 1 to g for each of a number of characters that distinguish the 
parents. ‘This method was introduced by Anderson (1936) and has been used 
by many workers. 

In the present study most of the discussion relating to the inheritance and 
segregation of specific characters revolves on first-, second-, and third-generation 
hybrids between Mimulus lewisu and M. cardinalis. \n assigning values for a 
given character, the expression of that character in M. lewisu is assigned a low 
value (usually from 1 to 3, depending upon the degree of variability of that 
character within the parental race) and the expression of that same character 
in M. cardinalis a value of 8 or g. Individual hybrid derivatives of this parentage 
are assigned values estimated to be close approximations on the basis of such a 
scale. The sum of 14 or more such values representing selected characters dif- 
ferentiating the parents is then used as the zmdex value of that individual. 

The scoring for different characters is described in the following pages under 
the discussion of the inheritance of each character. Index values are used mainly 
for comparing the phenotypic composition of progenies of different genetic 
origin. 


GQUASSaS Ole IVA NOUNBILE, CISUNVUNCINIIRS Welalt IDISTUUNGONSIE! 
SPECIE SP ANDEECOEOGIC MERXCES 


One may broadly classify characters that distinguish species and races of the 
Erythranthe section of Mimulus into two groups: 
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MorpHo.ocicaL cHaracters. [hese are of great importance and serve as both 
taxonomic and genetic markers. They include such characters as size and shape 
of floral and vegetative parts, color and color-patterns in flowers, and growth 
habit. Among such markers one may distinguish between characters that are 
relatively stable in expression in a wide range of environments, as, for example, 
leaf shape and floral characters, and others that are highly modifiable, such 
as leaf size and number of flowers per inflorescence. Examples of both essen- 
tially nonmodifiable and modifiable characters and their mode of inheritance 
will be described in later paragraphs. 


PuysroLocicaL cHaracters. Differences in capability for survival and growth 
in the contrasting environments at the Stanford, Mather, and Timberline trans- 
plant stations, and variations in phenological responses, including the timing 
of developmental stages during the seasons, are characters that are often 
inherited and can be observed in garden cultures. The study of internal 
functions, on the other hand, requires quantitative measurements under con- 
trolled laboratory conditions. 

The expression of inherited differences in nearly all physiological char- 
acters is usually highly modified by the environments in which the plants are 
growing. ‘This is true both in experiments for testing survival and growth 
performance at the transplant stations and in highly refined laboratory measure- 
ments under controlled conditions. The degree of modification under known 
sets of controlled environments may yield information of importance regarding 
possible mechanisms of natural selection. 

That physiological characteristics are of basic importance for determining 
the natural distribution of species and races of plants in different environments 
is axiomatic. From a biosystematic and evolutionary point of view, a study of 
the inheritance of both morphological and physiological characters is of prime 
importance in determining to what extent, if any, the two kinds of characters 
may be genetically linked. 

The remainder of this chapter will be devoted to the study of the inheritance 
of characters of species of the Erythranthe section of Mimulus in relation to 
morphological and physiological characteristics that can be observed in green- 
house and garden experiments in both inter- and intraspecific combinations. 
Data relating to quantitatively measured physiological characters under con- 
trolled laboratory conditions will be reserved for Chapter III. 


INTERSPECIFIC COMBINATIONS 


Most of the emphasis in the current study on Mimulus has been concentrated 
on interspecific combinations of the Erythranthe section, especially of combina- 
tions between Mimulus cardinalis and M. lewisti which have especially suitable 
distinguishing traits that can be followed through various generations. Since 
characters that distinguish M. cardinalis and M. lewitsii are also common to the 
other species of the Erythranthe section, the discussion in the following para- 
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graphs for individual characters applies in varying degree to all interspecific 
combinations within the section. The major interspecific cultures that have been 
included in this study are listed in table 3. 

Characters that are essentially unmodified by the external environment 
provide the most satisfactory markers for genetic studies. These will be 
discussed first. 


EssENTIALLY NONMODIFIABLE MORPHOLOGICAL CHARACTERS THAT DISTINGUISH 
ENTITIES OF THE ERYTHRANTHE SECTION. As emphasized in Chapter I, morpho- 
logical characters that distinguish different species and races of the Erythranthe 
section of Mimulus are distinctive and can in general be described with clarity. 
Close study, nevertheless, reveals complexity in almost every character. Eleven 
characters that have proven to be essentially nonmodifiable when clones are 
transplanted to different environments, either at the contrasting altitudinal 
stations at Stanford, Mather, and Timberline, or in controlled growth cabinets, 
are reviewed below in some detail. 


1. Petal reflexing 


The character “petal reflexing” is based primarily on the orientation of two 
lateral petal lobes of the lower corolla lip in relation to the axis of the corolla 
tube. In M. cardinalis these lobes are strongly reflexed, and usually adpressed 
backwards against the corolla tube, forming an angle of 180° with respect to the 
tube axis. In contrast, the corresponding petal lobes of M. lewisi are erect or 
slightly spreading and form an angle less than 60° with respect to the axis of 
the corolla tube (cf. figure 14, also figures 2 and 3). In M. nelsoni the petal 
lobes of the upper lip are as in M. cardinalis, but the lateral petal lobes of the 
lower lip are not reflexed. Mimulus verbenaceus resembles M. nelsoni in the 
reflexing character (figure 4); M. eastwoodiae, on the other hand, approaches 
M. lewisu in the nonreflexed orientation of the petal lobes (figure 5). 

The inheritance of petal reflexing can most clearly be studied in crosses be- 
tween M. cardinalis and M. lewisu. ‘The F: hybrids are intermediate in ex- 
pression in this character, but with a bias towards M. lewisu. Second-generation 
progenies display a wide range of recombinations that encompasses both parental 
extremes, with a slightly skewed frequency distribution in the direction of 
lewisu-like types. In Fs progenies the frequency distribution in different 
classes of expression of this character depends heavily on the particular genotype 
of the Fs progenitor. 

The classes of progeny derived from crosses between M. cardinalis and M. 
lewis were scored on a scale of 1 to g according to the approximate angle 
formed by the lateral petal lobes of the lower lip with the main axis of the corolla 
tube, as listed in table 4. 

The observed inheritance of petal reflexing in crosses between M. cardinalis 
and M. lewisu in F:, F2, and Fs progeny is summarized in table 5. This table 


Culture No. 
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TABLE 3 
INTERSPECIFIC Hysrips IN Mimulus 
Combination * Generation 


1. Combinations between Mimulus cardinalis and M. lewisi 


6544 
6545 
6546 
6547 
6548 
6549 
6635 
6636 
6637 
6638 


6695 
6696 
6697 
6698 
6699 
6886 
6687 
6688 
6689 
6700 


6701 
6702 
6978 
6979 
6980 
6981 
6982 
6983 
6984 
6985 


6986 
6987 
6988 
6989 
7109 
7110 
71 
IMM, 
HSI 
7132 


JAN3S 
7134 


6542-1 card Trancos & 6541-1 lew Timberline 
6542-1 card Trancos & 6541-1 lew Timberline 
6542-2 card Trancos & 6541-3 lew Timberline 
6541-3 lew Timberline & 6542-1 card Trancos 
6542-2 card Trancos & 6541 lew Timberline 
6541-4 lew Timberline & 6542-2 card Trancos 
6546-5 card Trancos & 6546-3, Fi of 6546 
6541-3 lew Timberline & 6546-3, Fi of 6546 
6546-3, Fi of 6546 X self 

6547-1, Fi of 6547 & self 


6546-5 card Trancos & 6632-1 lew Stevens 
6632-1 lew Stevens & 6546-5 card Trancos 
6543-111 card Trancos & 6632-1 lew Stevens 
6632-1 lew Stevens K 6543-111 card Trancos 
6546-3, Fi of 6546 X self 

6875-2 card Baja K 6632-1 lew Stevens 
6632-1 lew Stevens & 6875-2 card Baja 
6875-2 card Baja & 6684-2 lew Timberline 
6684-2 lew Timberline & 6875-2 card Baja 
6547-1, Fi of 6547 &X self 


6546-5 card Trancos & 6546-3, Fi of 6546 

6541-3 lew Timberline & 6546-3, Fi of 6546 
6699-451, Fe of card Trancos & lew Timberline X self 
6638-141, Fe of lew Timberline X card Trancos X self 
6638-208, Fe of lew Timberline & card Trancos & self 
6638-256, Fe of lew Timberline & card Trancos & self 
6700-240, Fe of lew Timberline & card Trancos X self 
6699-303, Fe of card Trancos & lew Timberline X self 
6699-230, Fe of card Trancos & lew Timberline & self 
6637-122, Fe of card Trancos & lew Timberline & self 


6638-222, Fe of lew Timberline & card Trancos XX self 
6699-308, Fe of card Trancos & lew Timberline self 
6699-432, Fe of card Trancos & lew Timberline X self 
6638-207, Fe of lew Timberline & card Trancos X self 
6546-3, Fi of 6546 &X self 

6547-1, Fi of 6547 & self 

6546-3, Fi of 6546 &X self 

6546-3, Fi of 6546 &X self 

6546-5 card Trancos & 6541-1 lew Timberline 

6546-5 card Trancos & 7104-1 lew Smoky Jack 


6694-105 card Yosemite & 7104-1 lew Smoky Jack 
6694-105 card Yosemite X 6541-1 lew Timberline 


* Abbreviations used: 
edstwoodiae, nels = nelsonit. 


Table 2. The numbers refer to clones that were crossed. 
+ Backcross on maternal race. 
t Backcross on paternal race. 


(Continued on following page) 


card = Mimulus cardinalis, \ew = lewisit, verb = verbenaceus, east = 
Origins indicated by localities shown under “reference code” in 
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TABLE 3—Continued 


Culture No. Combination * Generation 
7135 6546-3, Fi of 6546 X self Fe 
7136 6547-1, Fi of 6547 &X self F2 
7278 6546-5 card Trancos K 7121-5 lew Yosemite F, 
7279 7121-5 lew Yosemite & 6546-5 card Trancos Fi 
7280 6546-5 card Trancos & 7122-13 lew Tamarack Fy 
7281 7122-13 lew Tamarack * 6546-5 card Trancos Fi 
7282 7124-18 lew Porcupine & 6546-5 card Trancos Fi 
7283 6546-5 card Trancos & 7208-13 lew Timberline Fy 
7284 7208-13 lew Timberline & 6546-5 card Trancos Fy 
7285 6694-105 card Yosemite & 7121-5 lew Yosemite a 
7286 7121-5 lew Yosemite & 6694-105 card Yosemite Fy 
7287 6694-105 card Yosemite & 7122-13 lew Tamarack Fi 
7288 7122-13 lew Tamarack & 6694-105 card Yosemite Fi 
7289 7124-18 lew Porcupine & 6694-105 card Yosemite Fy 
7290 6694-105 card Yosemite & 7208-13 lew Timberline F, 
7291 7208-13 lew Timberline & 6694-105 card Yosemite Fy 
J292 7119-16 card Baja & 7121-5 lew Yosemite Fy 
7293 7121-5 lew Yosemite & 7119-16 card Baja Fi 
7294 7119-16 card Baja & 7122-13 lew Tamarack Fi 
7295 7122-13 lew Tamarack & 7119-16 card Baja Fy 
7296 7124-18 lew Porcupine & 7119-16 card Baja Fi 
TOU, 7119-16 card Baja & 7208-13 lew Timberline Fy 
7298 7208-13 lew Timberline & 7119-16 card Baja Fy 
7299 7120-15 card San Antonio & 7121-5 lew Yosemite Fi 
7300 7121-5 lew Yosemite & 7120-15 card San Antonio Fy 
7301 7120-15 card San Antonio X 7122-13 lew Tamarack Fi 
7302 7122-13 lew Tamarack & 7120-15 card San Antonio Fy 
7303 7120-15 card San Antonio & 7208-13 lew Timberline Fy 
7304 7208-13 lew Timberline & 7120-15 card San Antonio Fy 
7305 7120-15 card San Antonio X 7212-7 lew Logan Fy 
7306 7212-7 lew Logan & 7120-5 card San Antonio Fy 
7426 7135-30, Fe of card Trancos & lew Timberline & self Fs 
7427 7135-34, Fz of card Trancos & lew Timberline X self Fs 
7428 7135-35, Fe of card Trancos & lew Timberline X self Fs 
7429 7135-39, Fe of card Trancos & lew Timberline & self Fs 
7430 7135-60, Fe of card Trancos & lew Timberline X self Fs 
7463 6546-5 card Trancos & 7410-2 lew Warner Fi 
7464 7410-2 lew Warner X 6546-5 card Trancos Fi 
7465 6546-5 card Trancos & 7413-1 lew Rainier Fy 
7466 7413-1 lew Rainier & 6546-5 card Trancos Fi 
7467 7415-1 lew Logan & 6546-5 card Trancos Fy 
7468 6694-105 card Yosemite & 7410-2 lew Warner Fy 
7469 7410-2 lew Warner X 6694-105 Yosemite Fy 
7470 7411-2 lew Stevens & 6694-105 card Yosemite Fy 
7471 7413-1 lew Rainier & 6694-105 card Yosemite Fy 
7472 7119-16 card Baja & 7410-2 lew Warner Fi 


* Abbreviations used: card = Mimulus cardinalis, lew = lewisit, verb = verbenaceus, east = 
eastwoodiae, nels = nelsoni. Origins indicated by localities shown under “reference code” in 
Table 2. The numbers refer to clones that were crossed. 

+ Backcross on maternal race. 

t Backcross on paternal race. 


(Continued on following page) 
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TABLE 3—Continued 
Culture No. Combination * Generation 
7473 7410-2 lew Warner & 7119-16 card Baja F, 
7474 7119-16 card Baja & 7411-2 lew Stevens Fy 
7475 7411-2 lew Stevens & 7119-16 card Baja Fy 
7476 7119-16 card Baja & 7413-1 lew Rainier Fy 
7477 7119-16 card Baja & 7415-1 lew Logan Fy 
7478 7415-1 lew Logan & 7119-16 card Baja Fi 
7479 7210-1 card Priests & 7410-2 lew Logan Fi 
7480 7210-1 card Priests &K 7411-3 lew Stevens Fi 
7481 7411-3 lew Stevens & 7210-1 card Priests Fi 
7482 7210-1 card Priests & 7413-1 lew Rainier Fy 
7483 7413-1 lew Rainier & 7210-1 card Priests Fi 
7484 7210-1 card Priests & 7415-1 lew Logan Fy 
7485 7415-1 lew Logan & 7210-1 card Priests Fi 
7486 7210-1 card Priests & 7425-1 lew Timberline Fy 
7487 7425-1 lew Timberline & 7210-1 card Priests Fy 
7488 7244-2 card Marshall & 7410-2 lew Warner Fy 
7489 7244-2 card Marshall & 7411-3 lew Stevens Fi 
7490 7411-3 lew Stevens K 7244-2 card Marshall F, 
7491 7244-2 card Marshall & 7413-1 lew Rainier Fy 
7492 7413-1 lew Rainier &X 7244-2 card Marshall Fy 
7493 7244-2 card Marshall & 7415-1 lew Logan Fi 
7494 7415-1 lew Logan & 7244-2 card Marshall Fy 
7495 7244-2 card Marshall & 7424-1 lew Timberline Fy 
7496 7424-1 lew Timberline & 7244-2 card Marshall Fi 
7541 7111-16, Fs of card Trancos & lew Timberline & self Fs 
7542 7111-37, Fe of card Trancos & lew Timberline X self F3 
7543 7112-55, Fe of card Trancos & lew Timberline X self Fs 
7544 7112-60, F2 of card Trancos & lew Timberline X self Fs 
7545 7112-80, Fe of card Trancos & lew Timberline & self F3 
7596 7464-8, Fi of lew Warner X card Trancos X self Fs 
7597 7473-1, Fi of lew Warner X card Baja X self Fe 
7598 7476-6, Fi of card Baja & lew Rainier XX self Fe 
7645 7635-2, Fi of lew Logan X card Baja X self Fs, 
7646 7635-1, Fi of lew Logan X card Baja X self Fe 
2. Combinations between Mimulus cardinalis and M. verbenaceus 
7213 7113-5 card Trancos & 7143-7 verb Grand Canyon Fy 
7214 7143-7 verb Grand Canyon X 7113-5 card Trancos Fi 
7215 6649-105 card Yosemite & 7143-5 verb Grand Canyon Fy 
7216 7143-5 verb Grand Canyon & 6649-105 card Yosemite Fy 
7217 7119-7 card Baja & 7143-2 verb Grand Canyon Fy 
7218 7143-3 verb Grand Canyon & 7119-7 card Baja Fy 
7219 7119-16 card Baja & 7143-2 verb Grand Canyon Fy 
7220 7143-2 verb Grand Canyon & 7119-16 card Baja Fy 
7328 7120-15 card San Antonio X 7216-3 verb Grand Canyon Fy 
T329 7216-3 verb Grand Canyon & 7120-15 card San Antonio Fi 


* Abbreviations used: 


card = Mimulus cardinalis, lew = lewisu, verb = verbenaceus, east = 


eastwoodiae, nels = nelsoni. Origins indicated by localities shown under “reference code” in 
Table 2. The numbers refer to clones that were crossed. 
+ Backcross on maternal race. 
t Backcross on paternal race. 


(Continued on following page) 
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TABLE 3—Continued 


Culture No. Combination * Generation 
7497 6546-5 card Trancos & 7143-3 verb Grand Canyon Fy 
7498 6694-105 card Yosemite & 7143-3 verb Grand Canyon Fi 
7499 7143-3 verb Grand Canyon & 6694-105 card Yosemite Fy 
7500 7119-16 card Baja & 7143-3 verb Grand Canyon Fy 
7501 7143-3 verb Grand Canyon & 7119-16 card Baja Fy 
7502 7210-1 card Priests & 7143-3 verb Grand Canyon Fy 
7503 7143-3 verb Grand Canyon & 7210-1 card Priests Fy 
7504 7244-2 card Marshall & 7143-3 verb Grand Canyon Fy 
7505 7143-3 verb Grand Canyon & 7244-2 card Marshall Fi 
VI 7497-7 card Trancos & verb Grand Canyon & self Fp 
7600 7500-3 card Baja & verb Grand Canyon & self F, 

3. Combinations between M. cardinalis and M. eastwoodiae 
7307 6546-5 card Trancos & 7144-1 east Arches Fy 
7308 7144-1 east Arches & 6546-5 card Trancos Fi 
7309 6649-105 card Yosemite *& 7144-1 east Arches Fy 
7310 7144-1 east Arches & 6649-105 card Yosemite Fy 
7311 7144-2 east Arches & 6649-105 card Yosemite Fi 
7312 7119-16 card Baja & 7144-1 east Arches Fi 
7313 7144-1 east Arches X 7119-16 card Baja Fi 
7314 7144-2 east Arches X 7119-16 card Baja Fy 
W3MUD 7120-15 card San Antonio & 7144-1 east Arches Fy 
7316 7144-1 east Arches & 7120-15 card San Antonio Fi 
TEN) 7144-1 east Arches & 7120-15 card San Antonio Fy 

4. Combinations between M. cardinalis and M. nelsonu 
WW 7119-16 card Baja K 7422-16 nels El Salto F, 
7513 7422-16 nels El Salto & 7119-16 card Baja F, 
7514 7244-2 card Marshall & 7422-16 nels El Salto Fy 
MINS 7422-16 nels El Salto & 7244-2 card Marshall Fy 
7531 6694-105 card Yosemite & 7422-12 nels El Salto Fi 
US3L 7120-15 card San Antonio X 7422-12 nels El Salto Fy 
7533 7422-12 nels El Salto & 7120-15 card San Antonio Fy 
7534 7210-1 card Priests & 7422-12 nels El Salto Fy 
7535 7422-12 nels El Salto & 7210-1 card Priests Fy 
7546 6546-5 card Trancos & 7422-12 nels El Salto Fy 
7547 7422-12 nels El Salto X 6546-5 card Trancos Fi 
7603 7513-1, Fi of card Baja < nels El Salto X self F2 
7604 7532-2, Fi of card San Antonio X nels El Salto & self F, 

5. Combinations between M. lewisii and M. verbenaceus 
VD2\ 7149-17 lew Timberline & 7143-3 verb Grand Canyon Fi 
222. 7143-3 verb Grand Canyon & 7149-17 lew Timberline Fi 
7223 7149-16 lew Timberline & 7143-19 verb Grand Canyon F, 
1224 7108-1 lew Timberline & 7143-5 verb Grand Canyon Fy 
7506 7413-1 lew Rainier X 7143-3 verb Grand Canyon Fi 
7507 7143-3 verb Grand Canyon * 7413-1 lew Timberline Fy 


* Abbreviations used: card = Mimulus cardinalis, lew = lewis, verb = verbenaceus, east = 
eastwoodiae, nels = nelsonu. Origins indicated by localities shown under “reference code” in 
Table 2. The numbers refer to clones that were crossed. 

+ Backcross on maternal race. 

t Backcross on paternal race. 
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TABLE 3—Continued 


Combination * 


7415-1 lew Logan & 7143-3 verb Grand Canyon 
7143-3 verb Grand Canyon & 7415-1 lew Logan 
7143-3 verb Grand Canyon X 7424-5 lew Timberline 
7424-5 lew Timberline & 7143-3 verb Grand Canyon 
7508-2, Fi of lew Logan & verb Grand Canyon X self 
7511-8, Fi of lew TL & verb Grand Canyon self 


6. Combinations between M. Jewisit and M. eastwoodiae 


7318 
7319 
7320 
7321 
7322 
IB23 
7324 
(B2> 
7326 
USO0 


7121-5 lew Yosemite & 7144-1 east Arches 
7144-1 east Arches & 7121-5 lew Yosemite 
7144-2 east Arches & 7121-5 lew Yosemite 
7122-13 lew Tamarack *& 7144-1 east Arches 
7144-1 east Arches & 7122-13 lew Tamarack 
7144-2 east Arches & 7122-13 lew Tamarack 
7208-13 lew Timberline & 7144-1 east Arches 
7144-1 east Arches & 7208-3 lew Timberline 
7208-13 lew Timberline & 7144-2 east Arches 
7144-2 east Arches & 7208-13 lew Timberline 


7. Combinations between M. lewisi and M. nelsoni 


7516 
7517 
7518 
JDO) 
7520 
7521 
[22 
7540 
7605 
7606 


7413-1 lew Rainier X 7422-16 nels El Salto 

7413-2 lew Rainier & 7422-16 nels El Salto 

7415-1 lew Logan & 7422-16 nels El Salto 

7415-2 lew Logan X 7422-16 nels El Salto 

7425-1 lew Timberline & 7422-16 nels El Salto 
7422-16 nels El Salto & 7424-1 lew Timberline 
7424-1 lew Timberline & 7422-16 nels El Salto 
7422-12 nels El Salto & 7405-4 lew Timberline 
7516-1, Fi: of lew Rainier X nels El Salto X self 
7540-2, Fi of nels El Salto X lew Timberline X self 


8. Combinations between M. eastwoodiae and M. nelsoni 


7536 
(Sy) 
7538 
7539 
7608 


7422-12 nels El Salto & 7144-1 east Arches 
7144-1 east Arches & 7422-12 nels El Salto 
7422-12 nels El Salto K 7144-5 east Arches 
7144-5 east Arches X 7422-12 nels El Salto 
7536-1, Fi of nels El Salto X east Arches X self 


9. Combinations between M. verbenaceus and M. nelsoni 


10. 


IDES 
JOOS: 
7607 


7330 
78M 
VSSL 


* Abbreviations used: 


7143-3 verb Grand Canyon X 7422-16 nels El Salto 
7422-16 nels El Salto & 7143-3 verb Grand Canyon 


7523-8, Fi of verb Grand Canyon X nels El Salto X self 


Combinations between M. verbenaceus and M. eastwoodiae 


7216-3 verb Grand Canyon X 7144-1 east Arches 
7144-1 east Arches X 7216-3 verb Grand Canyon 
7144-2 east Arches X 7216-3 verb Grand Canyon 
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Generation 


Fy 
Fy 
Fy 
Fy 
Fs 
Fs 


card = Mimulus cardinalis, lew = lewisu, verb = verbenaceus, east = 


eastwoodiae, nels = nelsoni. Origins indicated by localities shown under “reference code” in 
Table 2. The numbers refer to clones that were crossed. 
+ Backcross on maternal race. 
t Backcross on paternal race. 
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M. lewisii M.cardinalis 
Parents 


<9 , = 


@) I5 20 
Petal width, mm 


Figure 14. Inheritance of petal width in the cross M. lewis x M. cardinalis in F,, F., 
and F, progenies all grown in gardens at Stanford. 

The bar diagrams indicate statistical values for populations of each generation, including 
self-pollinated progeny of the parental individuals. Vertical lines intersecting the horizontal 
bars represent the means; the thick portions bisected by the means, the standard error; 
the narrow double line, the standard deviation; and the thin single line, the range of 
variation within a population. Arrows above each bar diagram indicate the position along 
the scale of the individual plant giving rise to the progeny through self-pollination, 
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shows the relative frequencies within the various classes of progeny described 
above that were derived from the parental, F:, F2, and F; generations. 

From table 5 it is evident that (1) there is variation in the degree of expression 
of this character in both of the parental species, M. cardinalis and M. lewisi; 
(2) the inheritance of petal reflexing is complex, and cannot be referred to 
simple Mendelian inheritance; and (3) the segregation in F2 and Fs progenies 
is broad and covers the entire range between the parental extremes. In certain 
F; populations, especially in cultures Nos. 7141, 7426, and 7565, there is evidence 
of restricted segregation, apparently a consequence of genetic coherence, as 


discussed on pages 78 to 85. 


IWAN BIOS, 4 


ScoRING OF PETAL REFLEXING INTO CLASSES 


Class Angle of Reflexing Relation to Parents 
l 0-20° lower range of M. lewisi 
2 21-40° average range of M. lewis 
3 41-60° upper range of M. lewisi 
4 61—80° intermediate between M. cardinalis and M. lewisu 
5 81-100° intermediate between M. cardinalis and M. lewisu 
6 101—120° intermediate between M. cardinalis and M. lewisu 
1/ 121-140° intermediate between M. cardinalis and M. lewisi 
8 141-160° lower range of M. cardinalis 
9 161-180° typical range of M. cardinalis 


2. Petal width 


A measurable character that distinguishes Mimulus cardinalis from M. lewisu 
is the width of the central petal lobe of the lower corolla lip (cf. figure 14). 
Although this character is modifiable to some degree, especially during the 
latter part of the flowering season, when the flowers tend to become smaller, 
measurements during comparable stages of flowering are remarkably consistent 
on plants grown under very different conditions, including measurements 
made at the altitudinal transplant stations. Mimulus verbenaceus and M. 
nelsoni have broad petals and are much like M. cardinalis. The petals of 
eastwoodiae are narrow and approach those of M. lewrsu. 

An analysis of the inheritance of petal width in a cross between coastal 
M. cardinalis and subalpine M. lewisu, based on average measurements on 
parental, Fi, F2, and Fs populations, is summarized in figure 14. As is evident 
from the bar graphs, petal width segregates widely in second- and third-genera- 
tion progeny, and transgresses so heavily in the direction of wide petals as to 
exceed the range of typical M. cardinalis. This is especially evident in the Fs 
cultures 7426 and 7565 which have mean values much higher than the mean of 
the M. cardinalis population derived from self-pollination of the cardinalis 
parent used in the original cross. 
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The frequency distribution among the various Fs progenies is related to the 
genotypic composition of their F2 parents, as shown by the bar graphs in the 
lower half of figure 14. Individuals with the widest petal lobes yield progenies 
that segregate most heavily in this direction, and vice versa. It is also clear 
from the pattern of the frequency distribution in the F2 and Fs progenies that 
petal width is genetically a complex character that cannot be described in 
terms of simple Mendelian ratios. 


3. Corolla aperture 


In Mimulus cardinalis the corolla tube is compressed laterally, in contrast 
with M. lewisi in which the tube is compressed horizontally (figure 14). This 
difference can be expressed in terms of a ratio obtained by dividing the vertical 
length of the aperture in millimeters by the horizontal width. This ratio is a 
highly constant feature that is not significantly modified either by seasonal 
ageing in a given environment, or by transplanting to the altitudinal field 
stations. he species of the Erythranthe section that show the greatest contrast 
in this character are M. cardinalis, with a value of 2.2 to 3.0, and M. lewisi1, 
with a range between 0.63 and 0.88. 

The flowers of M. verbenaceus and M. nelsoni tend to approach those of M. 
cardinalis in this throat characteristic, whereas those of M. eastwoodiae approach 
M. lewis. An analysis of the inheritance of this character is summarized in 
table 6. In order to facilitate statistical treatment, the measured values of 
aperture ratio were converted to a scale of 1 to g. Plants with values rated at 
1 or 2 fall within the range of M. lewis, and those of 8 or g within M. 
cardinalis. ‘Vhe intermediate classes were divided into equal increments of 
expression in determining classes of frequency distribution. This treatment is 
similar to that used for petal reflexing in table 5. 

A marked difference in survival capacity exists between Mimulus cardinalis 
and M. lewisu when grown at the altitudinal transplant stations. At the low 
elevation at Stanford, coastal M. cardinalis thrives, in contrast with subalpine 
M. lewisu, which dies. When F2 seedlings of the hybrid between coastal 
cardinalis and subalpine Jewisi are germinated and established in the Timber- 
line environment, the plants that survive at the alpine station differ in overall 
genetic composition from a corresponding sample F» population of the same 
parentage germinated and established at Stanford. 

In the character “corolla aperture,” for example, there is a shift towards higher 
frequencies of the widethroated Jewzsi-like classes among the progeny estab- 
lished at Timberline than among those established at Stanford (cultures 7111, 
7112, VS. 7135 in table 6, also table 7). When the class frequencies of all the F2 
plants established at both stations are added together, the group highest in 
frequency is class 3, a shift from class 4 which was the class of highest fre- 
quency among the plants established at Stanford. The frequencies in the ad- 
jacent classes of both the Timberline) and Stanford-established populations 
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likewise reflect the same displacements. The character “corolla aperture” is, 
therefore, apparently to some degree correlated with the capacity of seedlings 
to survive in the contrasting climates at Stanford and Timberline during the 
establishment period. 

An outstanding feature in the pattern of inheritance of corolla aperture is 
the rather strong dominance of the wide-throated characteristic of M. lewisi 
in the Fi, F2, and most of the Fs progenies. Second-generation individuals 
having narrow throats approaching M. cardinalis do, however, yield Fs popula- 
tions that have high frequencies of narrow-throated classes, as exemplified by 
cultures Nos. 7527, 7526, and 7565 in table 6. ‘There is no evidence of transgres- 
sive segregation in the inheritance of this character. 


TANBILIS, 7 


SHIFTS IN CLAss FREQUENCY IN THE CHARACTER “CoROLLA APERTURE” IN 
Fe PopuLATION SAMPLES ESTABLISHED AS SEEDLINGS 
At STANFORD AND TIMBERLINE 


Classes * 
Number of 2 
Population Individuals 1 2 3 4} 5) 6 7 8 9 
Timberline-established .... 150 6 36 warp 29 (5) 7 
(cultures 7111, 7112) 
Stanford-established .... 153 1 12 39 47 18 18 10 5 3 
(culture 7135) 


* Classes same as in Table 6. The Fz seed samples were harvested from the same Fi individual 
of the cross Mimulus cardinalis Los Trancos * M. lewisi Timberline. 
+ Values in boldface type are classes of highest frequency. 


4. Pistil length 


The length of pistils in various species of the Erythranthe section of Mimulus 
differs over a considerable range, M. lewisit having the shortest and M. nelsoni 
the longest (see figure 13). This character shows marked stability for a given 
species at the altitudinal transplant stations, and can be easily measured in 
nursery and field-grown populations. The inheritance of differences in pistil 
length between M. cardinalis and M. lewisii has been studied in detail through 
the third generation, and the results are summarized in figure 16. 

The intermediate expression of this character in Fi progeny, the wide range 
of segregation in the F2, encompassing both parental extremes, and the slightly 
transgressive segregation in the direction of long pistils found in several of the 
F; progenies reveal the complex nature of this character. The different classes 
of F, phenotypes which gave rise to F; progenies reflect marked differences 
in genotypic composition. This is evident in the trend towards longer pistils 
in Fs progenies that have as parents F2 individuals with successively longer 
pistils. Pistil length is obviously a character that is genetically complex and 


Figure 15. Above: Diagrams of longitudinal sections of flowers of parental Mimulus 
cardinalis 6546-5 (left), M. lewis 7405-4 (vight), and their F, hybrid 6546-3 (center). 
Below: Diagrams of an M, cardinalis-like F, individual 1135-35 (left), an M. lewisi-like 
F, derivative 7111-16 (center), an an F,-like F, plant 7111-17 (s7ght). See Plate II for 
flowers of F, progeny obtained by selfing these F,’s. 
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governed by multiple genetic factors balanced almost equally between the two 
parents. 


1430 2A 


y eet 
M. lewisii 7426 ot M.cardinalis 
Indicates the mean 
of the parental plants 7565 ————— 
ee hem i Le cp OV Meare 


20 30 40 50 
Pistil length, mm 


Figure 16. Inheritance of pistil length in hybrid derivatives of M. lewis < M. cardinalts. 
Data from reciprocal crosses were pooled in constructing the bar diagrams. See figure 14 
for explanation of the bar diagrams. 


5. Number of dentations on leaves 


Leaves of species of the Erythranthe section differ widely in the number of 
dentations on their margins. There is also often wide variation within species, 
especially between ecologic races. Forms of Mimulus lewis from the Sierra 
Nevada of California have 3 to 7 dentations per leaf. Some of the northern 
forms (Stevens Pass) may have as many as 20 or more, while others may be 
almost completely entire. Mimulus verbenaceus has up to 40 dentations per leaf. 
For a given clone of a particular race, however, the number of dentations is 
remarkably constant and is not modified by transplanting to different en- 
vironments. 

Figure 17 shows samples of leaves of Mimulus cardinalis Los ‘Trancos, M. 
lewis ‘Vimberline, their Fi hybrid, and a number of Fs populations derived 
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from different individuals of the widely segregating F2 population. The 
diversity of leaf shapes and of dentation number reflects the complexity of 
segregation of both characters. 


Lewisii Cardinalis 


borer OOO 
boeod 


Fa Progenies 
7541 


Obed Obore 
Hc 
Gboti Pbees 


asic 
Ooi benons 
Madahernrs 


7565 


RQeOAneneear 


Figure 17. Inheritance of leaf characters in hybrid derivatives of Mimulus lewisu and 
M. cardinalis. See also figure 18. 


The bar graphs of figure 18 summarize the mode of inheritance of denta- 
tion number in the Fi, F2, and Fs generations. The F: hybrid plants have as 
many dentations as the M. cardinalis parent, reflecting the dominance of many 


GENETIC AND TRANSPLANT STUDIES 47 


Timberline Los Trancos 
M. lewisii M.cardinalis 
6634 AS 


} Indicates the mean number of 
dentations in the parental plants 


©) lO 20 30 40 50 60 70 
Number of leaf dentations 
Figure 18. Inheritance of number of dentations on leaf margins in progeny of Mimulus 


lewisu X M. cardinalis. Data are pooled from reciprocal crosses. Third-generation progenies 
are identified by culture numbers at the left. 
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dentations over few dentations. In the F2 the frequency distribution is skewed 
in the direction of high numbers. In the subsequent Fs progenies derived from 
a wide spectrum of diverse F2 phenotypes, the segregations into classes in 
nearly all populations cover a wide range. 

Especially impressive is the extreme degree of transgressive segregation in 
the direction of high numbers of dentations, shown in figures 17 and 18. In 
the F; culture 7426, for example, the entire population spread falls above the 
number of leaf dentations found in the original M. cardinals parent. Also evi- 
dent in figure 17 is the tendency for wider, M. cardinalis-like leaves to have 
a larger number of leaf dentations than narrow-leaved types, although extreme 
recombinations do occur with fairly high frequency. 


6. Leaf ratio 


Within the section Erythranthe the leaves differ widely in size and shape, 
as shown in Chapter I in figures 2 to 6. In all species, the overall size of leaves 
is a highly modifiable character, depending upon environmental variables such 
as light, temperature and moisture. In any particular species or individual, 
however, leaf shape is remarkably constant and can be expressed as the ratio 
obtained by dividing the maximum width by the length. Since the leaves of a 
given individual differ to some extent in their developmental sequence from 
rosette to inflorescence, the leaf pair subtending the first flower of an in- 
florescence was selected as a standard for measurement. 

The inheritance of leaf shape as expressed by the ratio of width to length has 
been studied in a number of interspecific crosses, especially in M. cardinalis 
Los Trancos X M. lewisi1 ‘Timberline (table 8). In this combination the leaves 
of M. cardinalis are broadly oval to oblong, the leaf ratio ranging between 0.44 
and 0.58. In M. lewis ‘Timberline the leaves are narrower and elliptic 
lanceolate, with ratios between 0.25 and 0.33. Parental, Fi, F2, and Fs popula- 
tions were scored for this character on an arbitrary scale of 1 to 9, the low 
values 1 to 4 representing classes with M. lewzsi1, and those 6 to 9, M. cardinalis. 
Table 8 shows the mode of inheritance of this character in Fi, Fe, and Fz 
progenies in relation to the parents. 


FLOWER COLOR CHARACTERS. Among the more spectacular characters that 
differentiate some of the species of the Erythranthe section are those involving 
flower color. Studies by Brozek at Prague in Czechoslovakia (1930, 1931, 
1932) demonstrated the heritability of differences in flower color in Mimulus 
cardinalis hybrid derivatives grown in Europe as horticultural plants. He also 
investigated factors contributing to the complexity of expression of flower color 
in this group of plants. This problem was further pursued by Vickery and 
Olson (1956) who extracted various pigment components, including carotenoids, 
xanthophylls, anthocyanins, and anthoxanthins from parental and hybrid popu- 
lations of M. cardinalis and M. lewisii. These workers also studied the distribu- 
tion of some of these pigments in the various floral tissues. More recently 
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Pollock, Vickery, and Wilson (1967) isolated a number of flavonoid components, 
and characterized the various species of the Erythranthe by the presence 
or absence of different combinations of these components. 

The present studies are primarily concerned with the overall inheritance 
patterns of some of the more clearly definable color differences that serve as 
markers in differentiating species. By far the most spectacular color differences 
are found in M. cardinalis as compared with M. lewisi. Most of the discussion 
that follows pertains to the differences between these species and hybrid deriva- 
tives from them. In this study we have selected five differentiating color char- 
acters for study. 

In general, second-generation progeny between M. cardinalis and M. lewisit 
segregate a spectacular array of derivatives ranging from intense vermilion 
through shades of orange to yellow, amber and apricot, and include varying 
shades of clear pink and rose (see Plate I). Standard color charts are in- 
adequate for scoring this range of variation. 

Within such an F2 population, three major categories may be separated by 
simple observation: (1) vermilion shades of orange to nearly yellow; (2) shades 
of pink with a distinct amber sheen; and (3) shades of clear pink to brilliant 
rose without an amber sheen. These three categories have corresponding dis- 
tinctive histological differences with respect to pigment distribution. 

In the first category, yellow chromoplasts occur within the lower two-thirds 
of the cytoplasm surrounding the vacuole of the cells of the upper epidermis, 
and rose anthocyanin pigments occur in the vacuoles (see figure 19). The 
physical mixing of the yellow carotenoids in the plastids and the rose antho- 
cyanin pigments in the vacuoles gives a visual color impression ranging from 
orange to vermilion. 

In plants of the second category, the upper epidermis contains only colorless 
plastids, but yellow chromoplasts may be present in the mesophyll or in the 
lower epidermis, or both, in different concentrations. Magenta to pink antho- 
cyanins may be distributed in the vacuoles of the cells of the upper epidermis, 
the mesophyll, or in any combination of these tissues in varying concentrations 
and in differing shades of color. 

Flowers of plants in the third category contain no yellow carotenoid pigments 
in the plastids of any of the tissues of the petal lobes. The anthocyanins are 
distributed in the vacuoles of some or of all of the petal tissues in intensities and 
concentrations that may differ. These combinations result in various shades 
ranging from clear pink to rose. 

Five characters which involve color difference between Mimulus cardinalis 
and M. lewisii and whose inheritance has been studied are discussed below. 


7. Yellow upper epidermis in petal lobes 


The character “yellow upper” is expressed by plants having yellow carotenoid 
pigments in plastids surrounding the vacuole of upper epidermal cells of the 
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petal lobes. This character was clearly described by Brozek (1932) and it is pres- 
ent in all races of M. cardinalis, M. verbenaceus, M. eastwoodiae, and M. nelsonit. 
The carotenoid chromoplasts are absent in the petal lobes of all races of M. 
lewisu. In M. lewis they are localized and are only found in two narrow 


M. cardinalis Fh M. lewisii 


Orange-vermilion Pink Pink 


F> Recombinations 


Orange-vermilion 


Pink 


Figure 19. Diagrams showing different combinations of pigment distribution in the 
upper epidermis, mesoderm, and lower epidermis of petals of Mimulus cardinalis, M. lewisi, 
and their F, and F, progeny. Solid black plastids represent the presence of carotenoids; 
open plastids, their absence. See text. 


bands along the inside ventral surface of the corolla tube, and in trichomes 
along the petal margins. Vickery and Olson (1956) studied the inheritance 
of this character in a hybrid between M. cardinalis and M. lewisu and reported 
a simple Mendelian 1:3 ratio, a conclusion supported by the data presented 
below. 

“Yellow upper” is a character that is easily recognized and can be readily 
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tabulated in hybrid populations growing in garden cultures in all environments. 
It is the most clear-cut genetic marker of any that we have studied. 

It is likewise the only character among the 24 pursued in our studies whose 
inheritance follows a simple 1:3 Mendelian pattern. Apparently M. lewisu 
carries a simple dominant suppressor for the production of carotenoids in the 
plastids of the upper epidermis of the petal lobes, so that F: hybrids lack this 
character, and F2 populations segregate in the ratio of 3 without “yellow upper” 
to 1 with carotenoid chromoplasts. Table 9 summarizes the data from parental, 
F,, Fe, and Fs populations from the cross M. cardinalis Los Trancos * M. lewisi 
Timberline. 

SHIFTS IN F2 sEGREGATION RATIOS OF “YELLOW UPPER” IN POPULATIONS ESTAB- 
LISHED AT STANFORD AND TTMBERLINE. A shift in class frequencies among surviv- 
ing F. progeny germinated and established as seedlings at the Timberline 
transplant station as compared with a similar population germinated and 
established at Stanford has been observed in the “yellow upper” character. 
Surviving seedling plants of Timberline-established populations show a higher 
percentage of individuals lacking the yellow chromoplasts than among seedlings 
established at Stanford. Data summarizing these observations are shown in 
table ro. 

There is also a marked shift in frequency distribution in sample F2 popula- 
tions established at Stanford during the winter as compared with seedlings 
established during the warm summer months (table 10). Normally, sowings of 
F, progenies at Stanford are made during the winter months when temperatures 
are cooler and more favorable for the establishment of seedlings. In summer 
sowings there is a higher mortality rate. The available data indicate strongly 
that summer conditions introduce a selective bias in favor of a higher per- 
centage of survival of individuals resembling M. cardinalis, with yellow pigment 
in the upper epidermis. 

The shift in frequency of Timberline-established plants favoring the survival 
of individuals without yellow chromoplasts in the upper epidermis of the 
flowers falls in the opposite direction. When, however, all of the data from the 
F; population of this cross are pooled, the final totals fit a 3:1 Mendelian ratio 
moderately well (table 9). Mather-established F2 seedlings of the same origin 
did not depart strongly from the 3:1 ratio, being 2.5:1.0, as indicated in 
table ro. 

From the above results one might question the validity of the conclusion that 
the character “yellow upper” is controlled by a simple Mendelian model fitting 
a 3:1 ratio. The data could be fortuitous in that the average observed frequencies 
of the various experiments working in different environments happen to 
coincide with this hypothesis. Our own doubts have been resolved largely 
on the basis of data from Fs progenies, presented in table g which with one 
exception (culture 7566) are remarkably consistent with the 3:1 hypothesis. 
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The differential selection observed among seedling populations for “yellow 
upper” at Stanford and at ‘Timberline is similar to that observed for the char- 
acter “corolla aperture” (cf. table 7). 


8. Yellow lower epidermis in petal lobes 


This character, “yellow lower,” is expressed when yellow chromoplasts occur 
in the lower epidermis of corolla lobes, in the mesophyll, or in both tissues. 
The scoring of this character was done visually on a 1-9 scale using key plants 
which included the parents, Fi, and a series of F2 reference individuals which 
had been previously studied histologically. The data are summarized in table 
11. The most extreme contrast in the expression of the character is between 
M. cardinalis and M. lewisu. In M. cardinalis, the lower epidermis and 
mesophyll are densely packed with this carotenoid pigment, while in M. lewisi, 


TABLE 10 


SEGREGATION AMONG F2 ProGeNy oF Mimulus cardinalis &K M. lewisii 
GERMINATED AND ESTABLISHED AT THREE ALTITUDES 


Ratio of Pink- 
Percent Number of Flowered to 
Conditions of Germination Seedling Plants Orange-Flowered 

and Early Establishment Mortality Maturing Individuals 
Staniord, summer sown 89 180 1.7:1.0 
Stanford, winter sown (elevation 150 ft.) Al 463 4.4:1.0 
Mather, summer sown (elevation 4600 ft.) 71 104 Deralld0 
Timberline, summer sown (elevation 10,000 ft.) 78 242 8.7:1.0 


this coloration is either lacking entirely, or present only in very dilute form, 
causing the under surface to be translucent. 

The inheritance of this character differs from the preceding “yellow upper” 
in that segregation in the F2 generation is not simple but complex, yielding 
an array of classes that range from one parental class to the other. ‘The 
frequency distribution among classes (when plotted on a scale of 1 to g) is 
somewhat bimodal and skewed towards M. lewisu. Vhird-generation progenies 
derived from various grades of phenotypic expression all segregate widely, with 
maximum class frequencies differing in the same general direction as the 
phenotype of the parent. 


g. Rose 


The character we designate as “rose” is based on a subjective visual inter- 
pretation of the overall intensity of the rose-colored anthocyanins in the cell sap 
of all the tissues in petal lobes. 

These pigments are present in all species of the Erythranthe section of Mimu- 
lus. In all races of M. lewisii from the Sierra Nevada of California, and also in all 
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natural races of M. cardinalis, these anthocyanins are confined to the cells of the 
upper epidermis. In northern races of M. lewisu, and in some horticultural 
forms of M. cardinalis from European botanical gardens, the rose pigment is 
found in both the mesophyll and lower epidermis as well as in the upper 
epidermis. 

From microscopic comparisons on the petal lobe tissues of parental, Fi, and 
F; hybrids of crosses between M. cardinalisX M. lewisu it is evident that the 
overall intensity of our visual impression of this color is dependent on two 
factors. The first is the intensity of color in the cell sap, which can range from 
very pale pink to intensely brilliant magenta. The second is the distribution 
pattern of the pigment from cell to cell. In examples studied, the pigment 
pattern was found to vary from a uniformly dense distribution of pigment 
in the vacuoles of all cells of all tissues to varying mosaic patterns of cells, 
ranging from colorless through different shades of pink to intense magenta. 

In scoring this character in parental and hybrid populations, plants were 
classified on a scale from 1 to 9, as were the previous characters. ‘The classes 
were established by histological study of key plants which covered the entire 
range of variability in the experimental populations, and these plants were 
retained as a reference scale throughout the experiments. ‘The most densely 
pigmented northern strains of M. lewisi1 were assigned values of 8 or 9, and a 
value of r was assigned to a hypothetical class having no anthocyanin present 
(not in fact obtained in the experiments). The range of spread among hybrid 
derivatives of Mimulus cardinalis Los ‘Trancos* M. lewis ‘Timberline was 
thereby compressed within the midrange of the scale (cf. table 12). 

The inheritance of “rose” as evaluated in this manner shows a complex 
segregation. The progeny of both selfed parents show variability, indicating 
that neither parent is homozygous for all of the factors that control this com- 
plex system. The Fi hybrid, however, is uniform, and falls in class 4, which 
lies in the area of overlap between populations derived from the self-pollinated 
parents. In second- and third-generation progenies this character segregates 
between the entire range of the parental values and transgresses the lower 
values of M. lewis with less intense pigmentation. Obviously, no simple 
Mendelian interpretation suffices to account for the complex expression of this 
character. As Pollock, Vickery, and Wilson (1967) conclude from their chemi- 
cal studies on the anthocyanin pigments of the Erythranthe, differences in 
intensity probably reflect quantitative differences in the amount of the various 
component anthocyanins that are present. 


10. Light areas 


The character “light areas” is used here specifically to describe an unpig- 
mented band about 2mm wide at the base of petal lobes in forms of Mimulus 
lewisii from the Sierra Nevada (see figure 14). ‘The bands represent a diminu- 
tion of anthocyanin within the cells of all tissues in this segment. It is a useful 
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genetic marker in crosses between the Sierran forms of M. lewisit and other 
species, or in combination with northern forms of M. lewisu that lack this 
characteristic. 

In segregating F, and Fs progenies this character can be classed as being 
either present or absent, and seems to be governed by a relatively simple gene 
system. In Fi hybrids between M. cardinalis and M. lewisi this character is 
dominant, and F2 populations segregate in ratios approximating 3:1 although 
some marked deviations have been observed in Fs progenies in which the ratios 
Ae ClOSSE WO D8 We 


Il. Star 


The character “star” is a visual impression of a patterned arrangement of 
brilliant magenta to maroon-red anthocyanin pigments in the corolla throat. 
The pigments are confined to the cells of the upper epidermis of the corolla 
tube, and are arranged as a series of longitudinal stripes extending from the 
base of the corolla tube at the junction of the stamens up to just beyond the 
corolla aperture. The term “star” suggests the appearance of this arrangement 
when looking into the corolla (Plate I, M. cardinalis, also figures 2 and 14). 
This character was described and studied in 1931 by Brozek, who was unable 
to account for its inheritance in Mendelian terms. Mimulus lewisu lacks the 
character “star,” although sometimes it is slightly evident as small elongate 
flecks or spots. In Mimulus cardinalis, M. verbenaceus, M. nelsoni, and M. 
eastwoodiae, this character is expressed, but it is most evident in M. cardinalis. 
Since M. cardinalis, M. verbenaceus, M. eastwoodiae, and M. nelsonii all have 
three pelargonidin anthocyanins in common that are lacking in all races of 
M. lewisti (Pollock, 1964; Pollock, Vickery and Wilson, 1967), it seems likely 
that these are the pigments responsible for the corolla tube and throat marking 
referred to as “star.” 

The inheritance of “star” is complex, and in F2 progenies of crosses between 
M. cardinalis and M. lewisu this character segregates into classes ranging 
between the parental species. The progeny can be scored on a scale of 1 to 9, 
a value of 1 indicating complete absence of this character, and g its most 
intense expression. As can be seen from table 13, Fi plants resemble M. lewisu 
more closely than do plants of M. cardinalis, and the frequency distribution 
in the F2 generation is skewed in the direction of M. Jewisit. In the Fs progenies 
wide segregation is observed among offspring from divergent F2 phenotypes. 
From the inheritance pattern in the F2 and Fs; populations it is evident that this 
character is the resultant of many independently controlled heritable factors. 


MobpiIFIABLE CHARACTERS AS EXPRESSED IN DIFFERENT ENVIRONMENTs. In a later 
section of this chapter differences between species and races and Fi, Fs, and Fs 
derivatives that are expressed in development and growth at the altitudinal 
transplant stations at Stanford, Mather, and Timberline will be discussed. 
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These characters are an important complement to the essentially nonmodifiable 
markers discussed above, and as shown in a later section of this chapter, are 
partially linked with them genetically. 


INTRASPECIFIC COMBINATIONS. Table 14 lists cultures of intraspecific combina- 
tions made within the Erythranthe section. Most of these were carried only 
through the first generation for the purpose of comparing parental and 
different combinations of F: hybrids at the transplant stations. It will be noted 
that emphasis has been laid on crosses between ecological races within M. 
cardinalis and within M. lewrsit. 


IWANBILIE, 14) 


INTRASPECIFIC Crosstncs IN Mimulus 


Culture No. Combination * 


1. Mimulus cardinalis Doug). 


6692 6543-111 Trancos * 6546-5 Trancos 
6693 6546-5 Trancos & 6543-111 Trancos 
6885 6875-2 Baja & 6546-5 Trancos 
TIDY 6546-5 Trancos & 6694-105 Yosemite 
7258 6694-105 Yosemite & 6546-5 Trancos 
7259 6546-5 Trancos & 7119-16 Baja 
7260 7119-16 Baja X 6546-5 Trancos 
7261 6546-5 Trancos & 7120-15 San Antonio 
7262 7120-15 San Antonio & 6546-5 Trancos 
7263 6694-105 Yosemite & 7119-16 Baja 
7264 7119-16 Baja & 6694-105 Yosemite 
7265 6694-105 Yosemite * 7120-15 San Antonio 
7266 7120-15 San Antonio X 6694-105 Yosemite 
7267 7119-16 Baja & 7120-15 San Antonio 
7268 7120-15 San Antonio X 7119-16 Baja 
7437 6546-5 Trancos X 7210-1 Priests 
7438 7210-1 Priests & 6546-5 Trancos 
7439 6546-5 Trancos & 7244-2 Marshall 
7440 7244-2 Marshall & 6546-5 Trancos 
7441 6694-105 Yosemite < 7210-1 Priests 
7442 7210-1 Priests & 6694-105 Yosemite 
7443 6694-105 Yosemite & 7244-2 Marshall 
7444 7244-2 Marshall & 6694-105 Yosemite 
7445 7119-16 Baja X 7210-1 Priests 
7446 7210-1 Priests & 7119-16 Baja 
7447 7119-16 Baja & 7422-2 Marshall 
7448 7244-2 Marshall & 7119-16 Baja 
7449 7244-2 Marshall & 7210-1 Priests 
7450 7210-1 Priests & 7244-2 Marshall 

2. Mimulus lewisi Pursh 
6687 6632-1 Stevens & 6541-1 Timberline 
6688 6541-1 Timberline & 6632-1 Stevens 


*The numbers refer to clones that were crossed. Origins indicated by localities shown under 
“reference code” in Table 2. 


(Continued on following page) 
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TABLE 14—Continued 


Culture No. Combination * 
7269 7121-5 Yosemite & 7122-13 Tamarack 
7270 7122-13 Tamarack X 7121-5 Yosemite 
7271 7121-5 Yosemite X 7208-3 Timberline 
NOD 7208-13 Timberline & 7121-5 Yosemite 
VOUS 7122-13 Tamarack & 7208-13 Timberline 
7274 7208-13 Timberline & 7122-13 Tamarack 
7275 7124-18 Porcupine X 7121-5 Yosemite 
7276 7124-18 Porcupine X 7122-13 Tamarack 
7277 7124-18 Porcupine & 7208-13 Timberline 
7451 7411-1 Stevens * 7413-2 Rainier 
7452 7413-2 Rainier X 7411-1 Stevens 
T4538 7411-1 Stevens & 7415-1 Logan 
7454 7415-1 Logan & 7411-2 Stevens 
7455 7411-2 Stevens & 7410-2 Warner 
7456 7413-1 Rainier & 7415-1 Logan 
TAD: 7415-1 Logan & 7413-1 Rainier 
7458 7413-1 Rainier X 7424-3 Timberline 
7459 7424-3 Timberline & 7413-1 Rainier 
7460 7415-2 Logan X 7424-3 Timberline 
7461 7424-2 Timberline & 7415-2 Logan 
7462 7424-2 Timberline & 7410-1 Warner 
JSD 7424-3 Timberline X 7461-1 Logan 


* The numbers refer to clones that were crossed. Origins indicated by localities shown under 
“reference code” in Table 2. 


As explained in Chapter I, the intraspecific crosses revealed the existence of 
partial genetic barriers between northern forms of M. lewisi having dark 
purplish flowers and the forms from the Sierra Nevada of California with 
lighter colored lavender-pink to whitish flowers, and a similar barrier between 
forms of M. cardinalis from the Santa Catalina Mountains in Arizona and the 
Pacific coast forms. 

Another result from the intraspecific crossing experiments is the finding 
that heterosis is evident in all intraspecific combinations that have been in- 
vestigated. The degree of expression of heterosis is dependent both upon the 
genetic constitution of the parental forms, and the environment in which the 
parents and their Fi progeny are being compared. An example of heterosis 
as expressed in the Stanford garden between combinations of M. cardinalis 
races is shown in table 15 in which the dry weight yields of the tops of plants 
are compared. The dry weights provide a crude measure of total seasonal 
productivity. Associated with higher rates of bulk production of dry matter 
are the usual manifestations of enhanced growth, including more numerous 
and longer flowering stems per plant, larger numbers of flowers per in- 
florescence, and proportional increases in the growth in underground portions 
of the plants. The large standard errors shown in table 15 reflect the high 
degree of individual variations among both parental and hybrid plants in 
garden-grown cultures. That the degree of enhancement of vigor in Fi 
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progenies differs significantly with different parental combinations is also 
evident from table 15. 


RESPONSES OF PARENTAL AND HYBRID COMBINATIONS AT 
TEE TVANSPIEAN Th SATION S 


Much effort has been devoted to the comparative study of the performance 
of species, ecological races, and first-, second-, and third-generation progenies 
at the contrasting altitudinal stations at Stanford, Mather, and ‘Timberline. 
The principal objective was to gain a reasonably comprehensive overall under- 
standing of the various degrees of tolerance of the ecologically diverse members 
of the Erythranthe section to extremes in climate, and to study the inheritance 
of morphological marker characters in relation to responses at the altitudinal 
transplant stations. 

From these studies significant facts have emerged which it may be helpful to 
summarize before presenting details: 

1. There are striking differences in capacity to survive at the three altitudinal 
transplant stations. Most contrasting are forms of M. cardinalis from lower 
altitudes and latitudes as compared with all forms of M. /ewisi1, especially forms 
from the north. 

2. Ecological races from different altitudes and latitudes within M. cardinalis 
and within M. dewisi differ from each other in their ranges of tolerance to a 
demonstrable degree. 

3. Interspecific first-generation hybrids between M. cardinalis and M. lewisi 
that include combinations between altitudinal races of both species invariably 
show marked enhancement in vigor of growth at all three altitudinal stations 
as compared with the parental forms, and also a much greater range of tolerance 
for survival in contrasting climates than the parents. 

4. Intraspecific first-generation hybrids within M. cardinals and within 
M. lewisu show hybrid vigor as compared with the parental races at one or two 
of the altitudinal stations, but usually not at all three altitudes. 

5. Second-generation progeny of hybrids between M. cardinalis and M. lewisi 
that segregate widely in morphological characters also segregate widely in their 
vigor of growth responses and survival at the three transplant stations. The in- 
terstation responses with respect to growth and survival are clearly associated 
with combinations of morphological markers that distinguish the original 
parents. 

6. Third-generation progenies derived from second-generation individuals 
having different combinations of characters respond to transplanting in 
markedly different ways that are likewise associated with the morphological 
markers they inherit. 


GROWTH AND SURVIVAL OF SPECIES AND RACES AND Fy HyBRips aT STANFORD, 
Marner, AND [rmBerLine. The response-patterns of the species and races of the 
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Erythranthe section and of their hybrid derivatives cannot be fully described 
by means of simple tables and graphs, or even by more elaborate statistical 
means. It will suffice, however, to review some features that are of particular 
interest in relation to mechanisms of natural selection. Table 16 presents a 
comparative evaluation of growth and survival of some of the principal cultures 
that have been tested at the three altitudinal transplant stations. 

The striking reversal in growth and survival of races of M. cardinalis as a 
whole as compared with races of M. lewisii at the Stanford and Timberline 
transplant stations is clearly evident from table 16. These results are in accord 
with the distinct regional and ecological distribution of the two species in their 
respective natural habitats as outlined in Chapter I (pp. 4-7). 

Within M. cardinalis there are notable differences in response between 
ecological races from the more extreme natural habitats within the range 
of the species, especially among races from different altitudes. The coastal Los 
Trancos race of this species survives only at the low altitude station at Stanford 
in contrast with the mid-Sierran races, from Carlin, Middle Fork, and Yosemite, 
that tolerate both the Stanford and Mather climates, but not the Timberline. 
Races from the higher altitudes at San Antonio Peak and Marshall Gulch are 
capable of surviving at all three stations, although they are not vigorous at any 
of them. At Timberline they develop only to vegetative or early flowering states, 
and are unable to attain full maturity. The extent of ecotypic differentiation 
within M. cardinalis falls short of that which occurs in such species as Potentilla 
glandulosa and Achillea lanulosa which have wider geographical ranges, as 
described in earlier volumes of this series. 

The present-day center of distribution of Mimulus cardinalis appears to be 
in the vicinity of the San Gabriel Mountains in Southern California. Exten- 
sions northward along the Pacific coast to Oregon, inland to middle altitudes 
of the Sierra Nevada, and eastward to the Santa Catalina Mountains of Arizona 
may have evolved from this center. 

Within M. lewisu, apart from the morphologically distinct forms from the 
northern part of the range of the species frequent in Washington and in the 
mountainous parts of Idaho, Montana, and Utah, as contrasted with the com- 
ponents from the Sierra Nevada of California, our evidence for differentiation 
into ecological races is less clear. Plants of M. lewisu from lower elevations in 
the Sierra Nevada at Tamarack Flat at 1800 m are taller and somewhat larger 
than plants from near Timberline at 3200 m when grown at the three transplant 
stations. Likewise, as can be seen in table 16, the Tamarack population survives 
somewhat better at Stanford and at Mather than does the ‘Timberline race. 
The northern forms of M. lewisi are even more difficult to maintain in culture 
at Stanford or Mather than the Sierran Timberline form. Only at Timberline 
is it possible to maintain any of the races of M. lewis over extended periods 
of time. A difficulty experienced in our studies has been our inability to 
propagate cloned transplants of M. Jewisi at Stanford with sufficient reserve 
strength to become established in garden plantings, even at ‘Timberline. 
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There is evidence that altitudinal races exist in M. eastwoodiae and in 
M. verbenaceus. ‘The culture 7421 or M. eastwoodiae from Rainbow Bridge 
(table 2), originally from 1000 m elevation, has longer stems with more widely 
spreading stolons than 7144 from Arches National Monument at 1300 m eleva- 
tion. In M. verbenaceus, culture 7143 from Bright Angel Trail at 610 m eleva- 
tion in Arizona differs from 7548 from Zion National Park at 1500 m elevation in 
Utah, as do also the more southern forms from Mexico, 7639 from Surotato at 
g20 m elevation and 7638 from Sinaloa at 1550 m. M. nelsoni is apparently of 
more restricted distribution and appears to lack ecological races, but there is 
herbarium evidence for the existence of intermediates between M. nelsonii and 
M. verbenaceus. 

Mimulus eastwoodiae 1s essentially a nonsurvivor at all three transplant sta- 
tions. M. verbenaceus grows successfully at Stanford but does not survive at 
either Mather or Timberline, while M. nelsonit, like races of M. cardinalis from 
the higher elevations, is barely able to live at Timberline but grows well at both 


Stanford and Mather. 


VIGOR OF INTRASPECIFIC F; HYBRIDS AS EXPRESSED AT STANFORD, MATHER, AND 
Timpertine. The heterosis expressed in Fi hybrids between different races of 
Mimulus cardinalis as reflected by dry weight yields shown in table 15 is not 
so evident when clones of the same individuals are grown at the Mather and 
Timberline transplant stations. The bar diagram shown in figure 20 depicts 
the relationship between the average dry weight yields for four interracial 
crosses of M. cardinalis grown at the three altitudinal stations over a three-year 
period. Since the plants grown at the three stations are clones of the same 
individuals, identical genotypes were sampled at each station. ‘The examples 
shown in figure 20 are representative of the 10 interracial combinations of 
crosses that have been compared at the three transplant stations. 

At Mather and Timberline there is a much smaller absolute gain in total 
dry weight of the F: hybrids than at Stanford. This is represented graphically 
in figure 20. When the gains of the F: hybrids are computed as percentage 
increase over the means of the parents, however, they are more impressive, as 
shown in Part A of table 17. The marked diminution in total yield at Timber- 
line is undoubtedly due to the very short growing season at the subalpine 
station. 

Although the individual variability within each F: progeny is large at each 
station, it is nevertheless evident from figure 20 and table 17 that statistically 
some parental combinations show markedly greater growth enhancement at one 
of the transplant stations than at any of the others. The Baja parent, for example 
(clone 7119-16), in combination with other races yields F: hybrids at Stanford 
that display greater hybrid vigor than do progeny of San Antonio Peak (clone 
7120-15). At Mather and at Timberline, however, these relationships may be 
reversed (table 17). It is to be noted that the Los Trancos race, a consistent 
nonsurvivor at both Mather and Timberline, when combined in an F: hybrid 
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with Yosemite, San Antonio Peak, or Baja, yields progeny that are able to sur- 
vive at Mather and even to some extent at Timberline. At the high-altitude 
station neither the Los Trancos nor the Yosemite races are capable of surviving, 
yet their F: hybrids are able to persist to a surprising degree. 
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Figure 20. Dry weight yields of cloned transplants of F, hybrids between different 
intraspecific combinations of Mimulus cardinalis races when grown in gardens at the 
different altitudes of the Stanford (30 m), Mather (1400 m), and Timberline (3050 m) 
stations. For explanation of bar diagrams, see figure 14. Arrows point to mean values 
for parental forms. Note that the values in the graphs for the Timberline cultures have 
been expanded by a factor of to. 


Although considerable effort has been devoted to determining to what extent, 
if any, hybrid vigor is expressed in intraspecific combinations within M. lewzsi1, 
our data are very fragmentary and provide only tentative answers to some 
of the questions originally posed. The failure of our efforts is due mostly to 
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the inability of all forms of M. lewisi to grow successfully in the Stanford and 
Mather environments, and their slow establishment even at Timberline when 
brought as cloned transplants from Stanford in a weak condition. The few 
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PERCENT INCREASE IN Dry WeEIGHT oF Fi Hysrips ovER MEANS OF PARENTS 


Combinations Stanford Mather Timberline 


A. Intra-cardinalis Fy’s 


Los Trancos & Yosemite 59.0 114.0 219.0 
Los Trancos & Baja 89.0 203.0 278.0 
Los Trancos & San Antonio 83.3 32.8 264.8 
Yosemite & Baja 114.0 30.6 111.4 
Baja & San Antonio 100.0 18.0 235.0 
otal Seger ear ae tie TA ar 445.3 398.4 1,108.2 
Mean Serer ae ise ents eG 89.0 79.6 221.6 
B. Intra-lewisi Fy’s 
Yosemite < Tamarack 5 WH 0) 48.5 
Yosemite * Timberline 214.0 DES 3} 
Tamarack & Timberline 263.0 — 23.4 35.9 
Porcupine X Yosemite 26.7 — 29.1 I 
Porcupine X Tamarack 165.0 89.3 65.5 
Porcupine * Timberline 6 148.0 86.9 
MEG tal Steers mets ee renee tin 670.2 289.1 249.9 
INERT ONS 2 we ee eos Se sD 134.0 48.2 41.6 
C. cardinalis—lewisi Fy’s 
Los Trancos & Yosemite 190.2 2,500.0 SDD 
Los Trancos X Tamarack 264.0 565.0 401.0 
Los Trancos & Porcupine 15922 5,000.0 DID) 
Los Trancos & Timberline 119.0 2,110.0 LAA0 
Yosemite Yosemite — 1.3 425.0 189.5 
Yosemite X Tamarack — 8.3 Sho 188.0 
Porcupine & Yosemite 0.0 465.0 342.0 
Yosemite & Timberline — 8.6 267.0 261.0 
Yosemite & Baja 39.6 375.0 3D 
Baja & Tamarack 48.8 554.0 373.5 
Porcupine X Baja 34.8 620.0 320.0 
Baja X Timberline 41.8 512.0 MDE AY 
San Antonio * Yosemite 29.8 126.0 154.5 
San Antonio & Tamarack — 31.5 36.2 163.5 
San Antonio & Timberline —— AD) — 16.3 79.4 
San Antonio X Logan Pass — 48.9 30.0 250.0 
Motalseeen eae emt Ae ete 780.1 13,707.4 5,107.9 
MCan Sarge ered aire ic tee 48.7 856.7 319.2 


data that are available, however, do indicate that Fi progeny display about the 
same relative vigor with respect to the parents as in intraracial crosses within 
M. cardinalis. Part B of table 17 summarizes the available data from representa- 
tive intra-lewisu combinations. 
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VIGOR OF INTERSPECIFIC HYBRIDS AT THE TRANSPLANT STATIONS. Most inter- 
specific F: hybrids between various combinations of M. cardinalis and M. lewisii 
show spectacular gains in both vigor and survival at all three altitudinal stations 
as compared with their parents. These gains are especially evident at the Mather 
station, where only a few of the parental races of M. cardinalis and none of 
M. lewisii survive, yet most F: hybrid combinations are conspicuously successful 
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Figure 21. Dry weight yields of cloned transplants of F, hybrids between different 
interspecific combinations of Mimulus lewisit and M. cardinalis when grown in gardens 
at the different altitudes of the Stanford (30 m), Mather (1400 m), and Timberline 
(3050 m) stations. Data for the intra-cardinalis combination Los Trancos x Yosemite 
shown in figure 20 are also included here for comparison (the cross-hatched bar diagrams). 
For explanation of bar diagrams, see figure 14. Arrows point to mean values for parental 
plants. 


there. The dry weight yield of tops of F: hybrid populations from three repre- 
sentative combinations of M. cardinalis Xx M. lewisti at Stanford, Mather, and 
Timberline are shown in figure 21 in comparison with one of a typical intra- 
cardinalis combination (Los Trancos X Yosemite) represented by the shaded 
bar diagram. 

At Stanford the total seasonal dry weight yields of intra-cardinalis hybrids 
are mostly higher than those of interspecific combinations between M. cardinalts 
and M. lewisit. Since the M. lewisii parents entering into these hybrids are non- 
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survivors at Stanford, the percentage increase in dry weight yield of the Fi 
progeny over the means of the parents is, nevertheless, often greater than in 
intra-cardinalis hybrids, as shown in table 17. 

At Mather, where the intra-cardinalis F: hybrids make only modest growth, 
cardinalts-lewisu F1’s greatly exceed them in both relative and absolute dry 
weight yields in all but a few combinations. At Timberline, likewise, Fi hybrids 
between M. cardinalis and M. lewisi display marked heterosis even in combina- 
tions in which the cardinalis parent is a nonsurvivor at the subalpine station. 
A comparison of the percentage increase in dry weights of F: hybrids in intra- 
cardinalis in contrast with cardinalis-lewisu hybrids at the three transplant sta- 
tions is shown in table 17. Figure 22 illustrates the responses of subalpine 
M. lewisu, coastal M. cardinalis, their Fi hybrid and Fs progenies originating 
from contrasting F2 individuals at Timberline. 

Among the cardinalis-lewisit F: progenies, some well-marked differences 
occur. Combinations between the Los ‘Trancos race of M. cardinalis originally 
from near sea level when combined with various strains of Sierran M. lewisti 
(i.e, Yosemite, Tamarack, Timberline) show extreme heterosis at Mather, in 
contrast with the F: derivatives of the San Antonio Peak race of M. cardinalis 
in combination with some races of M. lewisi (cf. table 17, Part C). The Baja 
race of M. cardinalis in combination with various races of M. lewisit likewise 
yields Fi progenies displaying marked vigor at all three altitudinal stations. 

One might expect that either inter- or intraspecific F: combinations between 
races from high altitudes would perform better at Timberline than combinations 
from low altitudes. Our data, however, do not support this conclusion. ‘The 
high degree of variability among the various parental populations from differ- 
ent altitudes overshadows data that might seem to support this hypothesis. 
Possibly, more extensive studies including additional races of both M. cardinalis 
and M. lewisii would substantiate such a trend. 


EXPRESSION OF PHENOLOGICAL CHARACTERISTICS AT STANFORD, MATHER, AND 
TIMBERLINE. The interaction between genotypes represented by the altitudinal 
and latitudinal races of Mimulus cardinalis and M. lewisu and their seasonal 
responses at the altitudinal stations reveal physiological differences that are 
important in natural selection. 

The date of first flowering is a phenological character that differs considerably 
between altitudinal races of both M. cardinalis and M. lewisu. The study of 
seasonal initiation of flowering and its inheritance as expressed at the three 
transplant stations reveals some significant relationships between highly modi- 
fiable phenological characters and the relatively nonmodifiable markers de- 
scribed on pages 32 to 58. 

The histograms in figure 23 show the seasonal spread in flowering for the 
Los Trancos race of M. cardinalis as compared with subalpine M. lewisii from 
Timberline and their Fi and F2 progenies when grown as cloned transplants at 
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Stanford, Mather, and Timberline. Points of interest that are revealed by these 
diagrams may be summarized as follows: 

1. At Stanford the Los Trancos race of M. cardinalis is the first to flower 
during the spring, subalpine M. /ewisi being significantly later. This race of 
M. cardinalis is winter active at this lowland station in spite of winter frosts, 
and flowers in early May. In contrast, subalpine M. lewisi is winter dormant 
at Stanford and develops weak flower stems that start to emerge in mid-April. 
This weakened condition appears to be due to a depletion of food reserves 
during the relatively warm Stanford winters. As a consequence, M. lewisi 
flowers late, poorly and irregularly during June and July. 

First-generation hybrids are clearly intermediate between parental M. 
cardinalis and M. lewisu with respect to time of flowering at Stanford. They 
are also intermediate with respect to their degree of winter activity at Stanford. 
The F: progeny display wide segregation that encompasses both of the parental 
ranges, as they do also with respect to many of the nonmodifiable characters as 
described in pages 32 to 58. 

2. At Mather coastal M. cardinalis is forced to winter dormancy by the cold 
weather, like M. /ewisi. Both emerge in spring growth at about the same time 
and with greatly reduced vigor. If they survive sufficiently long, both species 
will flower at approximately the same time with completely overlapping ranges 
for individuals of the two species. The much more vigorous F: plants also 


Figure 22. (A) Parental Mimulus lewisii, clone 7405-4 from Timberline (left), the F, 
hybrid between M. lewisii and M. cardinalis 6546-3 (vigorous plant in center), and the 
vacancy of the nonsurviving M. cardinalis parent, 6546-5, marked by the tape (v7ght) at 
Timberline, September, 1967, following an early autumn snowfall. 


Figure 22. (B) Three third-generation progenies from the above cross in the same garden 
during the summer of 1967. Row 1, F, progeny of the M. lewisu-like F, plant 7111-16; 
row 2, F, progeny of the F,-like F, plant 7111-17; row 3, F, progeny of the M. cardinalis- 
like F, plant 7135-35. 


Figure 22. (C) The same rows in 1968, all plants in row 3 having been winter-killed in 
contrast with the vigorous plants in row 1. The progeny in row 2 show variable vigor and 
survival, 
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flower at about the same time as the parental species, and segregation in the F2 
progeny extends far beyond the parental ranges in both directions towards 
earliness and lateness. 

3. At Timberline M. lewisi flowers during the latter part of July, whereas 
coastal M. cardinalis, which at best barely manages to survive one or some- 
times two winters before being eliminated, may occasionally produce one or 
two flowers before killing frosts begin in early September. As at Stanford, 
Mather, and Timberline, the F; hybrids are intermediate with respect to the 
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Figure 23. Dates of first flowers of parental populations of Mimulus cardinalis and 
M., lewisu derived by selfing the parents, and of their F, and F, progeny transplanted as 
clones at the altitudinal stations of Stanford (30 m), Mather (1400 m), and Timberline 
(3050 m). At Mather the flowering dates of the parental populations overlap. See text. 


parents in time of flowering, and the F. progeny segregate over the range 
between the parental extremes. 

It is clearly evident that different degrees of earliness in different ecological 
races are genetically controlled, yet the expression of this character may be so 
modified by environment that their relative order of flowering may be reversed 
at one station as compared with another. 

The segregation of three F: populations at the transplant stations with 
respect to flowering is shown in figure 24. The three progenies differ both in 
the range of variation among individual plants at any one station and in the 
frequency distribution among different classes. 

The most interesting attribute of these Fs cultures is that although they all 
have a wide range of variation that overlaps from one culture to another in the 
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extreme classes, each progeny reacts essentially as an independent entity. At 


Stanford there is a reversal in onset of first flowering as compared with that 
found in the parental M. cardinalis and M. lewisu populations. Population 7541, 
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Figure 24. Dates of first flowering of F, progenies derived from selfing three F, plants 
from the cross M. lewisu Timberline x M. cardinalis Los Trancos grown as cloned trans- 
plants at the altitudinal stations of Stanford (30 m), Mather (r400 m), and Timberline 
(3050 m). 

Culture 7541 was derived from the M. /ewisu-like F, plant 7111-16, 7566 from the F,-like 
F, plant 7111-17, and 7565 from the M. cardinalislike F, plant 7135-35. The data from 


cultures 7566 and 7565 at Timberline are incomplete because of the limited number of indi- 
viduals capable of flowering there. 


stemming from the F2 individual 7111-16, which closely resembles M. lewiast1, 
unlike the parental population of late-flowering M. Jewtsi, is predominantly 
early flowering at Stanford. This is in contrast with the late-flowering 
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cardinalis-like Fs population 7565 derived from a late-flowering F2 individual 
7135-35. Population 7566, originating from the Fi-like Fs individual 7111-17, 
segregates over an even greater range than the original F2 population. 

At Mather the three Fs; populations are essentially alike with respect to date 
of onset of flowering. At Timberline the flowering pattern of the same three 
cloned Fs progenies follows the same sequence as in the original parental popula- 
tions of M. cardinalis and M. lewisu. The M. lewisu-like population 7541 
responds like subalpine M. lewis in being early, whereas 7565, the cardinalis- 
like population, is extremely late, like lowland M. cardinalis. \t is so late 
in its flowering response that, during the three-year experimental period, only 
four plants were able to flower before the occurrence of killing frosts in Septem- 
ber. The population 7566 from the Fi-like F2 plant 7111-17 resembles the 


original F2 population in its responses at Timberline station. 


WinTER Activity AT SraNrorp. Another phenological character that has been 
studied is the degree of winter activity at Stanford. At this lowland station 
the winters are mild, but frosts occur approximately 80 days per year.’ Table 18 
describes the relative degree of winter activity of growth by different races and 
species of the Erythranthe at Stanford. Alpine and subalpine races and species 
are in general winter dormant at Stanford, whereas lowland races of the same 
or related species are usually winter active. The degree of winter activity in 
intermediate races varies from year to year depending upon the severity of frosts. 

Differences in degree of winter activity as expressed at Stanford are inherited 
by Fi, F2, and Fs progenies in much the same pattern as are differences in 
earliness of flowering. The most extensively studied hybrid combinations in- 
clude crosses between M. cardinalis and M. lewisi. For example, Fi hybrids 
between winter-active M. cardinalis Los Vrancos X winter-dormant M. lewisu 
Timberline are semidormant for a short period, and the F2 progeny segregate 
over the entire range from winter-active to winter-dormant individuals, follow- 
ing essentially a normal frequency distribution curve. ‘Third-generation 
progenies range oyer differing frequency patterns: those most resembling the 
M. cardinalis parent have higher frequencies of winter-active types, and those 
from M. lewisii-like F2 plants tend to be more winter dormant. Intermediate 
expressions can be observed at Stanford through varying degrees of winter ac- 
tivity or inactivity. Individual plants of progenies grown in the field have been 
scored on a scale of 1 to g during the periods of most severe frost in the Stanford 
garden. These data have been incorporated in the statistical analysis for the 
study of correlations, as explained in pages that follow. 


Frost suscEPTiBiLiry at TIMBERLINE. A phenological character related to 
winter activity at Stanford is the degree of frost susceptibility of vegetative parts 
of plants on cloned transplants at ‘Timberline towards the end of the growing 


1U.S. Weather Bureau data. 
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season. This character is best observed after moderately heavy freezing weather 
when minimum night temperatures drop within the range of —8° to —5° C 
for several days following the season’s active growth period. Temperatures 
colder than these cause all plants of Mimulus to freeze to the ground level 
so that no differences can be observed. At somewhat warmer temperatures 
there is less effect except in especially frost-susceptible individuals among F2 and 
F; progenies from cardinalis-lewisu hybrids, or in races of M. verbenaceus, 
M. eastwoodiae, and M. nelsoni. 

Our principal interest in the study of frost susceptibility at Timberline is in 
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DEGREE OF WINTER ACTIVITY OF SPECIES AND Racks oF THE Erythranthe SECTION AT STANFORD 


Species Degree of Winter Activity 


Mimulus cardinalis 


Los Trancos highly winter-active 
Jacksonville highly winter-active 
Priests Grade highly winter-active 
Yosemite moderately winter-active 
Baja California moderately winter-active 
Woodfords partially winter-dormant 
San Antonio Peak winter-dormant 

Marshall Gulch winter-dormant 

Mimulus lewisu 
All races winter-dormant 


Mimulus verbenaceus 
Grand Canyon, Arizona 
Zion Canyon, Utah 
Surotado, Mexico 
Sinaloa, Mexico 

Mimulus eastwoodiae 
Arches, Utah 
Rainbow Bridge, Utah 
Mystery Canyon, Utah 


highly winter-active 
partially winter-dormant 
highly winter-active 
highly winter-active 


winter-dormant 
winter-dormant 
winter-dormant 


Mimulus nelsoni 
El Salto, Mexico highly winter-active 


connection with comparisons between parental races in both intra- and inter- 
specific hybrids and their Fi, F2, and Fs progenies. With moderately heavy 
frosts at Timberline the tops of lowland forms of M. cardinalis are killed, 
whereas local M. /ewisii continues to retain green leaves and stems although the 
flowers may be frozen. 

First-generation hybrids between Los Trancos M. cardinalis and subalpine 
M. lewisu show a degree of frost resistance at Timberline even higher than 
that of the parental M. lewisi, as can be seen in figure 22. Second-generation 
progenies segregate widely, ranging from highly frost susceptible to individuals 
which are more frost resistant than the F; hybrids. 


The three F; progenies 7141, 7565, and 7566 tested as cloned transplants differ 
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markedly from each other (cf. figure 22). The more /ewisii-like plants of 7141 
have a much higher frequency of frost-resistant individuals than the cardinalis- 
like derivative of 7565. The intermediate culture 7566 displays a wider range 
of segregation than either of the other Fs’s. Scoring of individual cloned trans- 
plants of Fi, F2, and Fs progenies on a scale of 1 to 9, as described for previous 
characters, was made at Timberline over several years. The average data were 
incorporated in computations of correlations, as described in later pages of this 
chapter. 


MopiriaBLe cHARaAcTers. ‘The usual characters found to become highly 
modified when clones of the same individuals of various races and species are 
transplanted to the altitudinal transplant stations (Clausen, Keck, and Hiesey, 
1940) are also similarly modifiable in transplants of Mimulus. ‘The length of 
inflorescences of the Yosemite race of Mimulus cardinalis, for example, may 
range between 70 and go cm at Stanford, and may be reduced to 8 or 10 cm at 
Mather; at Timberline it is not likely to flower at all, but in favorable years 
may bear a blossom or two in an inflorescence 2 or 3 cm long. The number of 
flowers borne on a single stem may range up to a hundred at Stanford, up to 
20 at Mather, and from zero to 1 at Timberline. Leaf sizes may also be modified 
to a high degree, but leaf shape (i.e., leaf ratio, as explained on p. 48) is rela- 
tively constant. M. /ewisii shows similar modifications, but in an opposite direc- 
tion: plants in their natural environment near Timberline may have numerous 
stems up to 70 cm in height and bear up to 18 or 20 flowers per stem, but when 
transplanted to the Stanford garden become weak, with only a few stems, 
rarely over 25 cm in length, and seldom bearing more than 6 flowers per in- 
florescence. Mimulus verbenaceus grows vigorously at Stanford with well- 
developed inflorescences, but these become much reduced at Mather. The 
thickness, size, texture, and color of leaves can be modified on any particular 
clone of any of the species by differences in light intensity, the effect of tempera- 
ture, and gaseous composition (COz and O: concentration) of the atmosphere 
surrounding the leaves, as described more fully in Chapter III. 


GENETIC COHERENCE. Genetic coherence may be defined as the tendency of 
F, and later generation progeny to inherit combinations of characters of the 
parents more frequently than would be predicted on the basis of free random 
recombination. Evidence pointing to genetic coherence as a general principle 
governing the inheritance of characters in interspecific and interracial hybrids 
among plants has been slowly accumulating during the last thirty years. De- 
tailed study of genetic coherence and its significance in natural selection and the 
evolution of races and species are matters that have come to general attention 
only in relatively recent years. 

The pioneer contributions of Edgar Anderson (1939a, 1939b) and Kenneth 
Mather (1941, 1942, 1943) provided both experimental evidence and helpful 
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theories relating to mechanisms underlying observed linkages of characters in F» 
and later generation populations derived from crosses between interspecific 
and interracial crosses. Basic to the mechanism of genetic coherence is the fact 
that most characters that distinguish species and races are governed by systems 
of genes consisting of several or more components, variously referred to as 
polygenes or multiple genes. Since the component genes governing the in- 
heritance of two or more characters have a certain statistical probability of being 
carried in the same chromosome, the progeny of succeeding generations should 
reflect partial linkages in the frequency distribution of the recombined char- 
acters. Mather (1943) emphasized the importance of the storage of potential 
genetic variability that can be released under the stress of new selective pressures 
with changing environments through such a mechanism. Extensive experi- 
mental evidence from studies in crossing contrasting altitudinal races of 
Potentilla glandulosa by Clausen and Hiesey (1958) provided strong support for 
the principal elements of the theories advances by Anderson and Mather. 

Verne Grant (1964) has provided an extensive and lucid review of mecha- 
nisms, concepts, and experimental data relating to genetic coherence. His 
detailed coverage of the literature makes unnecessary further elaboration here 
except with respect to specific points as they bear on the present studies on 
Mimulus. 

One of the primary objectives of the present investigations in Mimulus 
was to determine to what extent genetic coherence is expressed in Mimulus as 
compared with other species complexes, especially Potentilla. It is of basic 
importance to determine whether or not genetic coherence can be regarded as a 
principle applicable to the evolution of higher plants generally. Fully satis- 
factory experimental data bearing on this question are limited to very few 
investigations. Undoubtedly this is largely due to the difficulty in finding species 
groups suitable for this kind of study, 1.e., the necessity of having a number of 
clear marker characters distinguishing well-defined contrasting ecological forms 
that are diploid with the same chromosome number, and freely interfertile. 
The time-consuming, laborious effort required in such investigations also serves 
to discourage such studies. 

The diagram, figure 25, summarizes in a highly simplified form the degrees 
to which combinations of characters are correlated in observed frequencies 
within F2 populations derived from crosses between M. cardinalis Los ‘Trancos 
and M. lewisit Vimberline. Most of the characters represented are morphological 
markers whose inheritance is described on the preceding pages. Included also 
are responses at the transplant stations that include winter activity at Stanford, 
frost resistance at Timberline, and growth responses at Stanford, Mather, and 
Timberline as reflected by the average yearly dry weight yields of the tops per 
plant. Character combinations likely to be pleiotropic have been excluded in 
order to obtain as nearly as possible a true picture of the degrees of linkage 
caused by the packaging of genes governing different characters in the same 
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chromosome. The effects of pleiotropy cannot, however, be wholly excluded 
because genes of a polygenic system probably influence the expression of many 
more than a single character. 
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Figure 25. Degrees of correlation in the inheritance of characters distinguishing Mimu- 
lus lewisu Timberline and M. cardinalis Los Trancos in F, progeny. Values of the correla- 
tion coefhicient 7 are shown for all possible combinations of the 16 characters indicated on 
the above diagram. The values were computed on the basis of observed frequencies of 
phenotypes having given pairs of characters in common. 

In this highly interfertile combination relatively few character pairs are inherited purely 
at random, showing no significant correlation. 


In constructing figure 25 the degree of correlation between all possible 
combinations of the characters indicated on the diagram was scored on the 
basis of 1 to g for each individual of the F2 population. The correlation co- 
efhicients 7 were calculated by an IBM 360 computer at the Stanford Computa- 
tion Center. The scored values for each character were averaged on individual 
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F, plants over a period of 3 to 5 years in garden cultures grown as cloned 
transplants and studied at all three transplant stations. 

Partial linkages between most of the pairs of character combinations are 
clearly evident in figure 25. Of the 120 possible pairs of character combinations 
between the 16 characters represented, 28, or 23.3 percent (table 1g), have r 
values ranging between 0.000 and 0.148, indicating little or no genetic coherence 
below the 5 percent level. The remaining 92, or 76.7 percent, have r values 
above the 5 percent level. The 7 values of highest frequency le in the range 
between 0.251 and 0.350, indicating a high degree of character association. All 
of the morphological markers show strong linkage, including such unrelated 
characters as the degree of petal reflexing and the number of dentations on 
leaves. 

Most characters involving responses at the transplant stations, such as the 
degree of winter activity at Stanford and of frost resistance at Timberline, 
are also strongly associated with morphological characters, although dry weight 
yield at Mather is conspicuously independent of the morphological markers. In 
this connection it will be recalled that neither of the parental species is a survivor 
at Mather. Dry weight yield at Timberline is likewise associated with very 
few morphological markers. 

If one excludes from consideration the dry weight yields at the Stanford, 
Mather, and Timberline transplant stations in studying the partial linkage 
relations of the characters represented in figure 25, there remain 78 possible 
pairs of character combinations among the 13 remaining characters. Of these 
74, or 94.8 percent, show significant partial correlation. The comparison between 
the percentage of nonsignificant correlations whether or not dry weight re- 
sponses are included suggests that, as a whole, transplant-response characteristics 
are not as highly linked with morphological characters as are the marker 
characters to each other. 

The breakdown of frequencies of different degrees of correlation between 
the characters shown in table rg reveals a fairly symmetrical distribution with 
the highest frequencies in the r range between 0.251 and 0.350. This is a con- 
siderably higher mean value than was found in Potentilla glandulosa Upper 
Monarch Lake x Santa Barbara by Clausen and Hiesey (1958, p. 116) where the 
correlations of highest frequency fell in the range between 0.09 and 0.20. The 
stronger degree of correlation found in Mimulus may be due in part to a 
more accurate scoring of individual character expression in F2 progenies in 
Mimulus made possible by the more distinctive contrasts in marker characters. 

It is noteworthy that Anderson (1939) estimated on theoretical grounds 
that an organism with ro pairs of chromosomes, each having one chiasma 
and bearing 10 gene differences in a polygenic system would yield an F2 progeny 
showing less than one in 10’ of the possible number of recombinations if 
the distribution of the genes were purely at random. This enormous restriction 
would be imposed by linkage alone, excluding additional possible mechanisms 
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such as pleiotropy, or gametic or zygotic elimination. The data from Potentilla 
glandulosa and from Mimulus appear to come closest to providing actual 
experimental information on the idealized situation postulated by Anderson 
where there are adequate numbers of morphological markers distinguishing 
the parents combined with high interfertility. Anderson’s own classic studies on 
linkage between floral characters of the cross Nicotiana alataX N. langsdorfi 
were complicated by the existence of quite strong genetic barriers. 

Of special interest is the extent of overall correlation between morphological 
characters of the F2 progeny and their capacity to survive at the Stanford, 


TABLE 19 


FREQUENCY DISTRIBUTION OF CORRELATION VALUES BETWEEN CHARACTER COMBINATIONS 
IN Fo. ProGeny oF Mimulus cardinalis Los Trancos X M. lewisit TIMBERLINE 


14 Characters 16 Characters 
Total Total 
Combinations, Combinations, 

Classes of 7 Values Frequency Percent Frequency Percent 
0.000—0.113 * 4 De 28 23.3 
0.114-0.148 + 4 5.2 6 5.0 
0.149-0.250 114) 18.0 22 18.3 
0.251—0.350 20 t 25.6 26 21.6 
().351—0.450 18 A 3rlI Al IVES 
0.451—0.550 9 12.5 8 6.7 
0.551—0.650 as DP 5 ce 
0).651—0.750 4 Dal 4 DAI 
0.751—0.850 0 0.0 0) 0.0 
0.851—0.999 0 0.0 0) 0.0 
otal Si tens pas coe een een Wh 100.0 120 100.0 


* Correlation values not significant, indicating free recombination. 

+ Values significant between 5% and 1% levels. Higher values are significant above the 1% 
level. 

t Values in boldface type are the classes of highest frequency. 


Mather, and Timberline transplant stations. This may be evaluated, in terms of 
r between index values, determined as explained on page 30, and survival 
ratings of cloned transplants at the altitudinal stations. The + values are as 
follows: 


INDEX VALUES VS. SURVIVAL 


at Stantond ce. oes Meets ory + 0.1466 (significant at the 1% level) 
ath Math eros 2-cove rere er enya + 0.0104 (not significant) 
aye WioaloeMNS oo occ concer cvs evecee — 0.1671 (significant above 1% level) 


The positive significant correlation at Stanford indicates that for the F: 
population as a whole, the higher the index value, the better the survival 
record at the lowland station, i.e., plants having characters approaching M. 
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cardinalis are favored. Conversely, at Timberline the negative correlation 
indicates that plants with low index values approaching M. lewisi are the 
better survivors. ‘The insignificant correlation at Mather can be interpreted to 
mean that statistically there is no relationship between morphological char- 
acters and survival at the mid-altitude station. Alternately, it could mean that 
plants having index values in the intermediate range of index values are favored. 
In view of the strong heterosis of F:-like plants that is expressed at Mather, as 
explained on pages 70-71, the second interpretation is obviously the correct one. 

The fact that the degree of correlation at none of these stations is very high 
implies that, although the correlations may be significant, a considerable number 
of recombination types are capable of surviving with reasonable success at at 
least one of the three contrasting altitudes. This conclusion has been amply 
substantiated at the three altitudinal stations. 

An analysis of the correlation coefhicients of F2 progeny from the reciprocal 
cross, M. lewisii ‘Timberline x M. cardinalis Los ‘Trancos (culture No. 6700) 
was likewise made on a population of 200 individuals grown only at Stanford. 
In this population 12 character combinations that were the same as in the 
reciprocal M. cardinalis Los ‘Trancos X M. lewisii Timberline were compared. 
The computed correlation coefficients between morphological marker characters 
are in close agreement with those depicted in figure 25 for the same pairs of 
character combinations." ‘The extent and patterns of segregation in the two 
reciprocal F2 progenies as observed at Stanford are so similar that a presenta- 
tion of detailed data from culture No. 6700 would be redundant. 

When partial genetic incompatibility exists between the parental forms, as 
for example when northern forms of M. lewisii are crossed with M. cardinalis 
from the Pacific coast, coherence is expressed even more strongly than that in 
the F. progeny from M. cardinalis Los Trancos< M. lewisu ‘Yimberline. 
Figure 26 is a graphic summary of the degrees of correlation between 10 
differentiating characters of the cross M. lewisii Warner X M. cardinalis Los 
Trancos which was studied only at Stanford. The male M. cardinalis parent 
was the same individual in both this and the previous crosses. The reduced 
genetic compatibility is evident through a reduction in percentage of viable 
pollen, lower seed fertility, and irregularities in meiosis (cf. table 1). 

That this reduced fertility is related to a stronger expression of genetic 
coherence is evident when the F2 progenies between the fully interfertile 
combination M. lewisit Vimberline X M. cardinalis Los Trancos and the partially 
sterile combination M. lewis Warner X M. cardinalis Los ‘Trancos are com- 
pared with respect to the same ten character combinations. As shown in 
table 20, the correlation coefficients r having the highest frequency for the inter- 
fertile combination Timberline X Los Trancos lie between 0.251 and 0.350 in 
contrast with 0.651 and 0.750 for the partially intersterile Warner < Los Trancos 


1 These include petal reflexing, star, light areas, yellow upper, yellow lower, aperture, petal width, 
pistil length, number of dentations in leaves, leaf ratio, rose, and winter activity at Stanford. 
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F; progeny. Evidently in the combination Warner X Los Trancos a significant 
elimination of zygotes and gametes differing rather widely in genic composition 
from the original parental combination took place. In the Fs progeny of 
Nicotiana alata X N. langsdorfu studied by Anderson (1939) the sterility barriers 
were undoubtedly of even greater magnitude than those here described for M. 
lewisu Warner X M. cardinalis Los Trancos. 
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Figure 26. Degrees of correlation in the inheritance of characters distinguishing 
Mimulus lewis Warner and M. cardinalis Los Trancos in F, progeny in a combination 
between which a partial sterility barrier exists. Values of the correlation coefficient 7 are 
computed as explained in figure 25. 

In this combination with impairment in fertilty the relative frequency of paired charac- 
ters inherited purely at random is even less than in the highly interfertile combination 
shown in figure 25. 


COHERENCE AS EXPRESSED IN F3 pROGENTES. From a population of 310 cloned F» 
plants of the cross M. cardinalis Los Trancos X M. lewis Vimberline that were 
tested over a four-year period at Stanford, Mather, and Timberline, 52 indi- 
viduals were selected for further study. These included plants representing the 
entire range of both morphological diversity and response patterns at the three 
altitudinal stations. Eleven of the F2 plants showing particularly interesting 
character combinations were, in turn, self-pollinated, and from these, third- 
generation progenies consisting of 200 to 300 individuals each were obtained. 
The inheritance of the morphological characters described on pages 32-58 as 
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expressed in these Fs populations was then studied in considerable detail at 
Stanford. 

Marked differences in the phenotypic composition of the various F2 progenies 
were observed. In general, the progenies derived from F2 plants approaching 
M. cardinalis consisted primarily of plants tending to resemble M. cardinals, 
and conversely, those from Jewzsi-like F2 individuals clustered in the direction 
of M. lewis. Second-generation plants resembling Fi hybrids always yielded 


TANGLE, ZO 


DEGREES OF CORRELATION * IN Fo PROGENIES OF INTERFERTILE 
AND PARTIALLY INTERSTERILE COMBINATIONS OF Mimulus lewisi > M. cardinalts 


Frequency of r Values 


Warner Mts. & 


Timberline < Los Trancos, 
Los Trancos, Partially Intersterile 
Classes of 7 Values + Interfertile Combination Combination 
0.000-0.137 
(insignificant correlation) 9 0 
0.138-0.181 
(significant in 5%-1% range) 4 1 
0.182—0.250 + 9 9 
0.251-0.350 10 + 3 
0.351—0.450 Wh 2 
0.45 1-0.550 4 7 
0.551-0.650 2 10 
0.651—0.750 0 11 
0.751—0.850 0 9 
0.851—0.950 0 i 
0.951—0.999 0 0) 
INjuvamloeie Grr Commo reions, .5s6sccscovccsanccoeeon 45 45 


* Data from combinations of the same ten characters for both Fs progenies of 200 individuals 
each. (cf. figures 25, 26) 

+ Significant above 1% level, unless otherwise noted. 

} Values in boldface type are the classes of highest frequency. 


F;’s having a wide range of segregation that approached that of the original 
F. population. 

Examples of segregation among F; progenies derived from F»2 plants with 
divergent recombinations of characters are shown in figure 28 as frequency 
histograms plotted according to index values, as described on page 30. The 
most extreme progenies, 7541 and 7565, do not overlap; 7541 segregates plants 
favoring M. lewisu, in contrast with 7565, which segregates combinations 
favoring M. cardinalis. The populations 7566 and 7543, derived from F» plants 
falling within the range of F: progeny, segregate over a wide range. Plate II 
shows typical arrays of flowers that include the extreme and intermediate 
segregants within the populations 7541, 7565, and 7566. 
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RESPONSES OF CLONED Fs PROGENIES AT STANFORD, MATHER, AND I IMBERLINE. 
The responses of the three Fs progenies Nos. 7541, 7565, and 7566 were followed 
at the Stanford, Mather, and Timberline stations over a period of four years 
from 1964 to 1968. In this study 200 individuals of each of the Fs populations 
were propagated as clones and transplanted at the altitudinal stations. Detailed 
notes were taken over a three-year period and the dry weights of harvested 
tops determined at the end of each year. Propagules that failed at a given 
station were replaced whenever possible, sometimes as many as four or five times 
during the experimental period. 

The three Fs; progenies differed markedly from one another in their relative 
performance at Stanford, Mather, and ‘Timberline. The /ewisu-like population 
7541 was conspicuously more successful at the Timberline station than the 
cardinalis-like population 7565 which, for the most part, failed to survive at 
this high altitude (figure 22). At Stanford, on the other hand, the Fs popula- 
tion 7565 was conspicuously vigorous whereas 7541 showed weakness and rapid 
decline. At both Stanford and Mather, however, the plants of 7541 performed 
better than any of the original races of M. /ewisii at these same stations. This 
lewisu-like Fs progeny apparently inherited genetic factors from the M. 
cardinalis grandparent that extended its tolerance for growth at lower altitudes. 
The intermediate highly segregating Fs population 7566 showed much higher 
variability among its members at all three stations than either of the other two 
F; progenies. At Stanford the more cardinalis-like individuals of the 7566 
population displayed good vigor and high survival capacity but at Mather most 
of the plants were weak and unsuccessful. They had a considerably lower per- 
centage of surviving individuals than the original F2 population in which the 
F.-like plants were conspicuously more vigorous than the recombinations 
resembling the M. cardinalis or M. lewisu parents. At ‘Timberline, likewise, 
the 7566 Fs progeny displayed greater variability in vigor and survival capacity 
than either Jewisi-like 7541 or cardinalis-like 7565. ‘The relative differences in 
growth between the three Fs populations at the transplant stations are reflected 
in the mean dry weights of the tops, as shown in bar graphs in figure 27. 

The coherence between morphological characters and physiological responses 
at the transplant stations as expressed by the F2 cloned populations at Stanford, 
Mather, and Timberline thus also is clearly expressed in third-generation 
progenies. The correlation values of + between combinations of characters 
similar to those presented in figure 25 were also computed for each of the Fs 
progenies grown as cloned transplants at the three altitudinal stations. The 
network of partial linkages for each of the three Fs populations strongly re- 
sembles those depicted in figure 25 for the original F: populations. 


GENETIC COMPOSITION OF TRANSPLANT GARDEN “WEEDLINGS.” In the cultivated 
transplant gardens at Stanford, Mather, and ‘Timberline where the widely 
segregating cloned Fs individuals of M. cardinalis Los Trancos x M. lewisi 
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Timberline were being grown between the years 1960 to 1965, large numbers of 
seedling progeny germinated and had to be continually weeded to avoid con- 
tamination of the cloned garden transplants. In 1966 samples of such volunteer 
“weedings” were transplanted from gardens at each station to flats and grown 
to maturity in the nursery at Stanford. The morphological characters of the 
seedlings that were able to germinate and establish spontaneously at each 
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Figure 27. Dry weight yields of cloned F, progenies from the cross Mimulus lewisti 
Timberline < M. cardinalis Los Trancos grown at the altitudinal transplant stations— 
SU, grown at Stanford (30 m); HR, grown at Mather (1400 m); TL-I, grown at the 
Timberline main interstation garden (3050 m), scale X 10; TL-S, grown in the Timberline 
slope garden (3100 m), scale X to. 

Culture 7541, F; progeny of the M. lewisu-like F, plant 7111-16; culture 7565, F; 
progeny of the M. cardinalistike F, plant 7135-35; culture 7566, F, progeny of the F,-like 
F, plant 7111-17. Values are means over a 3-year period. Note the reversal in yield pat- 
terns between the Stanford and Timberline gardens. 


of the altitudinal stations were tabulated to determine which classes of pheno- 
types are in highest frequency among the seedlings. The distributional spread 
of the sampled “weedling” populations is shown in terms of index values at 
the bottom of figure 28. 

The striking contrasts in composition of the “weedling” populations at the 
Stanford, Mather, and Timberline stations lend support to the conclusion that 
the morphological markers used in determining the index values are highly 
correlated with the capacity for self-perpetuation in these environments. The 
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Figure 28. Histograms indicating frequencies of individuals in progenies of self-pollinated 
parental, F,, and F, plants of the cross Mimulus lewisu Timberline =< M. cardinalis 
Los Trancos, showing morphological classes of characters in which they fall in terms of 
the characters distinguishing the parents. Low index value (11 to 20) include characters 
falling within the range of M. lewis; values between 75 and go, those of M. cardinalis. 
For method of scoring individuals to obtain their index values, see page 30. 

The three graphs at the bottom indicate the distribution of characters among spontaneous 
seedlings originating from open pollination between highly segregating F, transplants at 


the Stanford, Mather, and Timberline transplant stations. 
88 
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clustering of lewisu-like types of seedlings from Timberline in the low range 
of index values, and of cardinalis-like types from Stanford in the high index 
range, is highly significant. 

At Mather there is a suggestion of bimodal segregation favoring parental 
types in both directions rather than a normal frequency distribution having 
F,-like types in highest number. Since F: hybrid transplants of this combina- 
tion show extreme heterosis at Mather (see pp. 70-71), the bimodal distribution 
of the “weedling” plants appears to support the hypothesis advanced by 
Kenneth Mather (1943) that heterosis represents an unstable genetic balance 
that through selection in subsequent generations is replaced by more stable 
genic recombinations. 


SUMMARY OF THE GENETIC STRUCTURE OF THE 
ERY THRANTHE SECTION 


It seems appropriate to summarize some of the major features pertaining 
to the genetic structure of the Erythranthe, as follows: 

1. All members of the Erythranthe section of the five species studied 
(Mimulus cardinalis, M. lewisu, M. verbenaceus, M. eastwoodiae, and M. 
nelsoni) are diploid with 8 pairs of chromosomes. It has been possible to obtain 
vigorous F; hybrids in all possible combinations, but fertility tests on these Fi 
hybrids indicate that the section has become differentiated into two major 
divisions. The first includes M. lewistt and M. cardinalis, and the second the 
remaining species, including, perhaps, M. rupestris, which has not been included 
in these studies. Strong sterility barriers are present between these two major 
cyto-taxonomic groups. A vigorous, fertile amphiploid was, however, obtained 
from one of the most sterile combinations, demonstrating that the section as a 
whole is composed of taxa of common genetic ancestry. 

2. In interfertile combinations the inheritance of nearly all of the morpho- 
logical markers that distinguish species and races is governed by multiple series 
of genes rather than by a single gene. The resultant segregations with respect 
to any one character in F2 and Fs progenies are, accordingly, complex and of a 
quantitative type. An exception is a single character (yellow upper epidermis) 
whose presence or absence appears to be determined by a single recessive gene 
that yields 3:1 Mendelian ratios in F2 and Fs progenies. 

3. Heterosis, or hybrid vigor, is evident when races of species are crossed. 
The degree of heterosis expressed in relation to the parents is highly dependent 
both upon the genetic composition of the parent individuals and upon the 
environment in which the parents and Fi progeny are compared. Parental 
forms that are incapable of surviving at a given altitude may give rise to hybrids 
that display a high degree of vigor and survival capacity in that same environ- 
ment. The degree of heterosis displayed by F:’s from interspecific crosses between 
M. cardinalis x M. lewisu is, in general, much greater than that displayed by 
interracial crosses within either M. cardinalis or M. lewisit. 
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4. Transgressive segregation is observed in some characters governed by 
polygenic systems in both the second and third generations. Other characters 
segregate within a narrower range. On the whole, F2 progenies resulting from 
interspecific combinations fall within the ranges of the parents, with most peak 
frequencies in the intermediate ranges. 

5. Between characters differentiating species and races of the Erythranthe 
section there is a strong genetic coherence that is expressed in both the F2 and F; 
generations. The network of partial genetic linkages includes both morphologi- 
cal marker characters and such physiological attributes as capacity to survive 
in contrasting environments. The correlations between morphological char- 
acters and physiological traits are strong enough to make possible reasonably 
accurate predictions of the performance of a given individual when transplanted 
to the Stanford, Mather, and Timberline altitudinal stations. 


I] 


COMPARATIVE PHYSIOLOGICAL STUDIES ON ECOLOGICAL 
RACES AND SPECIES 


The striking differences in inherited capacity for growth and survival in 
contrasting natural environments by ecologically diverse but closely related 
species or races of the same species lead logically to inquiries regarding the 
nature of their underlying physiological characteristics. Analysis of functional 
variation among such races or species is probably the chief means by which 
a substantially increased understanding of natural selection and speciation can 
be achieved. This area of investigation, nevertheless, has remained largely 
unexplored. 

Undoubtedly an important obstacle has been the lack of adequate techniques 
for comparative studies of physiological functions and of facilities for growing 
experimental plant materials under controlled, reproducible environments. The 
marked progress made within recent years in the development of new instru- 
ments and methods, and in the extensive use of controlled growth facilities, 
has greatly diminished this problem. Another difficulty, still unresolved, is that 
of linking a particular physiological response to a given environmental factor, 
or combination of factors, when it is realized that the observed response is 
actually the resultant of the interaction between the genotype as a whole and an 
entire complex of environmental variables. 

The present chapter will be devoted both to a discussion of working principles 
and to a presentation of experimental results with Mimulus and other plant 
groups. It should be emphasized that this is only a beginning in an extensive 
field of inquiry of basic theoretical and of much potential practical significance. 


UNscRAMBLING THE VARIABLES. The complexity of the interacting variables 
that must necessarily be resolved in studies on the comparative physiology and 
biochemistry of ecologic races and species make essential the adoption of clear 
working principles for guiding experiments. Three major sets of factors 
need to be taken into account: (1) the genetic, (2) the ecologic, and (3) the 
physiologic. The genetic includes the entire biosystematic structure of the 
species and races under investigation; the ecologic, the innumerable external 
environmental influences that interreact throughout the range of distribution of 
the species and races; and physiologic, the intricate functioning of the internal 
physiological and biochemical processes that take place in every living individual 
in its habitat. Since each of these three major sets of variables is a universe of 
complexity within itself, the experimentalist, of necessity, must exercise extreme 
care in (1) the choice of his experimental material, (2) in the selection of ex- 
ternal environmental factors to be controlled, and (3) the selection of physio- 
logical processes to be studied. 

The selection of experimental material becomes easier when based on back- 
ground information obtained from biosystematic, genetic, and transplant in- 
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vestigations. Among the many plants that might be chosen for study, one 
can select clones of genotypes known to differ significantly in their capacity 
to survive in extreme environments. Since a great deal of time, effort, and 
expense is involved in controlled laboratory investigations, such studies must, 
of necessity, be limited to a few individual clones. Among the many divergent 
forms of Mimulus of the Erythranthe section described in the preceding chapters 
it has been possible to include only a very few of the most contrasting members 
of this group for physiological investigation. 

The problem of dealing with external environmental factors is admittedly 
a difficult one for which no ideal solution seems to be in sight. It is common 
knowledge that the influence of such external variables as light, temperature, 
mineral nutrition, and composition of the atmosphere on physiological func- 
tions of plants is of great importance, but to study the interaction between any 
one of these variables and any specific physiological function on a particular 
individual in a specified environment is a complex problem requiring a high 
degree of sophistication in experimental design and technique. 

That natural diurnal or seasonal fluctuations of external environmental factors 
in contrasting climates are of great importance in differentiating ecological 
races and species has been amply demonstrated by investigators who have 
studied this problem experimentally. In the present stage of our studies, how- 
ever, meaningful additional physiological information can be gained only by 
utilizing much simpler and readily reproducible environments having but a 
single controlled component varied in any given experiment. The selection of 
the variable to be controlled in any experiment necessarily depends to a large 
degree on the physiological process being studied. Essentially, it is the inter- 
action between a given variable on the functioning of a specific measured 
physiological process that is useful in comparing the performance of one geno- 
type with another. Such information provides the basic bits of data on which 
interpretative conclusions must rely. Eventually, when more information has 
been collected, it may become possible to conduct experiments to investigate the 
simultaneous effect of two or more interacting variables on one or more 
processes. Measurements under field conditions, currently only exploratory and 
qualitative, may become to a greater extent quantifiable. 

The choice of physiologic function to be investigated is a matter of prime 
importance and determines the techniques that need to be developed for its 
effective study. By “physiologic function” we include not only the study of the 
function itself but also biochemical processes directly related to it, such as the 
capacity of specific enzyme steps known to be of key importance in a particular 
physiological process. We are not concerned, however, with differences in 
molecular composition per se. As pointed out by Prosser (1967), analyses of 
proteins and nucleic acids may be valuable for establishing relationships, but 
they tell us little about the mechanism of natural selection and speciation unless 
it is clear how the micromolecular differences influence the adaptedness of the 
organism. 
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For reasons explained more fully below, we have chosen to focus our studies 
on the comparative photosynthetic performance of contrasting ecological races 
and species. Comparative studies on such other physiological functions as 
respiration, translocation, and ion absorption might have resulted in additional 
informative data, but the necessity for concentrating our efforts on the study of 
one function will be evident to the reader. 

From the above discussion it follows that the investigator must be content 
at first with small bits of information which accumulate from experiment to 
experiment. The results of a number of experiments may be needed before 
a satisfactory answer may be realized on what might seem to be a relatively 
simple problem. To compare, for example, the physiological capacity of two 
genotypes over a range of environments, their performance over a wide range 
of controlled conditions must be known. Fortunately, as basic information 
accumulates, progress accelerates exponentially when based on reproducible, 
cross-referable experimental results. Evidence for the beginning of such an 
accelerating growth period in the area of physiological ecology is already at 


hand. 


MEASUREMENTS OF PHYSICAL PARAMETERS IN NATURAL ENVIRONMENTS. In 
comparative physiological studies of species and races from diverse natural 
habitats it is essential that basic information is available on the physical en- 
vironments themselves. A meaningful description of a habitat requires an 
evaluation of energy load—sunlight and thermal radiation—imposed on the 
organisms by the environment. Unfortunately, it is only very rarely that ade- 
quate information on these parameters is available, and lack of confirmation 
of anticipated correlations in plant growth or in the response of physiological 
processes may, in many instances, be the result of incomplete knowledge regard- 
ing these factors. 

In our current work it has not been possible to include adequate studies of 
the diverse natural environments in which members of the Erythranthe sec- 
tion of Mimulus grow. Fortunately, however, with the kind help of Dr. David 
Gates (Gates et al., 1964) a beginning has been made centering along the 
transect of the Stanford, Mather, and Timberline transplant stations. 

During the summer of 1963 Dr. David M. Gates worked with our group for 
approximately one month during which a number of critical measurements 
on temperature and light intensity were made. One of the primary objectives 
was to evaluate the energy exchange between the plants and their environments, 
especially on leaves of Mimulus. 

Figure 29 shows temperature measurements on leaves of Mimulus cardinalis, 
M. lewisi, and other species made directly at several natural habitats and in the 
experimental gardens at the Mather and Timberline transplant stations. Leaf 
temperatures were measured with a Stoll-Hardy infrared radiometer, and 
ambient air temperatures with a mercury thermometer. The measurements 
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were made from August 12 through August 15, 1963, during mostly clear 
weather between 10:00 a.M. and 3:00 p.M., PST. 

Several points of interest are revealed by the data presented in figure 29. Of 
special significance is the departure of leaf temperatures of different species 
(indicated by various symbols) from the ambient air temperatures (indicated 
by the horizontal lines) at the different sites along the transect. At the Sierran 
foothill site at Priests Grade at 300 meters elevation, where ambient air tempera- 
tures exceeded 35° C, measured leaf temperatures of Mimulus cardinalis (the 
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Figure 29. Leaf temperatures of various species at sites along the Sierran transect on 
clear days, August 12-15, 1963. 

Altitudes of sites as follows: Priests Grade, 400 m; Mather, 1400 m; Carlin, 1400 m; 
Smoky Jack, 2300 m; Warren Creek, 2800 m; Timberline interstation, 3050 m; Timberline 
slope garden, 3100 m; Timberline talus slope, 3200 m. 

Horizontal lines indicate ambient air temperatures; points indicate observations on fully 
sunlit leaves except where noted: C, cloudy; S, shade. W indicates wind. 


original collection site of culture No. 7210, table 2) may be up to 10° C cooler 
than the ambient air temperatures. In contrast, at the Timberline talus slope 
site at 3500 m elevation mature leaves of M. lewisu (the original collection 
site of culture No. 7405, table 2) may be up to 10° warmer than the ambient 
air temperature. At both sites leaf temperatures vary over a considerable range 
depending on whether the leaves are in full sun or in shade, and upon wind 
movements. An overall interpretation of these data leads to the unexpected 
conclusion that although the ambient midday air temperatures at these contrast- 
ing sites differ by approximately 20° C, the actual leaf temperatures of the two 
Mimulus species differ considerably less, and, in fact, may overlap. 
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Another point of interest shown in figure 29 is that at Priests Grade leaves of 
Quercus wislizenu A. DC, a tree with typically sclerophyllous leaves, growing 
on an arid slope, and confined in distribution to warm foothill regions in Cali- 
fornia, have temperatures several degrees above that of the ambient air at around 
40° C. These are in contrast with leaves of closely adjacent M. cardinalis, 
which are 5° to 7° cooler than the ambient. The highly mesophytic leaves of 
M. cardinalis undoubtedly are cooled by transpiration. At the Priests Grade 
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Figure 30. Estimated incident solar radiation of a horizontal surface as a function of 
time of day for sites in the Sierra Nevada of California. Elevation of sites as in figure 29. 


site Mimulus cardinalis is confined to a wet area near a spring where many 
of the plants grow in standing water. The leaf structure of the Priests Grade 
race of M. cardinalis is essentially the same as that for the nearby Jacksonville 
race, illustrated by leaf cross sections in figure 42. The contrast in temperature 
of leaves of Quercus and Mimulus exemplifies differences between divergent 
species in their energy balance with their surroundings in a natural environment 
that is the same except with respect to water supply. A final point of interest 
is that among the other herbaceous species associated with Mimulus in its moist 
habitat, all have leaf temperatures within the range of those measured on 
Mimulus. 

The total diurnal radiant energy impinging on a horizontal surface at differ- 
ent altitudes along the Sierran transect at 38° N. latitude is very much the 
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same at all altitudes, as determined by measurements made by Dr. Gates. These 
are graphed in figure 30. The radiant solar energy received at Timberline is 
slightly higher than at sea level because the thinner atmosphere contains fewer 
obscuring suspended particles. 

A plant exchanges energy with its environment by radiation from the sun 
and from surrounding surfaces, including the ground and other objects, from 
the atmosphere by convection to and from the air, and by moisture exchange, 
mostly through transpiration. The lower part of figure 31 shows the ambient 
air temperatures and measured leaf temperatures of Mimulus cardinalis and 
M. lewisu at sites along the altitudinal transect. The upper half of the same 
figure shows measured or computed values made by Dr. Gates * of the overall 
energy balance between Mimulus leaves and their surrounding natural en- 
vironments at the sites indicated at the bottom of the figure. More than half of 
absorbed energy is re-radiated to the surroundings, but a very significant fraction 
is used in evaporating water through transpiration. A very small fraction is 
absorbed or lost to convection air currents. Of special interest in this connection 
is that the total radiant energy absorbed by the leaf for phyotosynthesis is too 
small a fraction of the total (about 2%) to be of importance when consider- 
ing the overall parameters determining energy exchange equilibria that we 
are considering in the present discussion. 


TRANSPIRATION MEASUREMENTS IN CONTROLLED CABINETS. The importance of 
transpiration in affecting temperatures of Mimulus leaves suggested by the field 
measurements were confirmed by experiments in controlled cabinets. The 
rates of transpiration were determined by sealing leafy shoots of Mimulus and 
of other species into potometers and placing them in controlled cabinets under 
a constant light intensity. Controlled temperatures were varied over the range 
between 9° to 60° C. Leaf temperatures were measured by a thermocouple 


1 Dr. Gates’ compu‘ztions are based on the equation: 
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where 


a = absorptivity of the leaf to sunlight (0.50) 
v= reflectivity of the ground to sunlight (varies between 0.10 and 0.20 for different sites) 
= direct solar radiation (measured) 
s = scattered sunlight (derived from physical equations) 
€ = the long-wave emissivity and absorptivity of the leaf (0.96) 
Ra and Ry = thermal radiation downward from the air and upward from the ground (measured 


data) 
o« = Stefan-Boltzman constant 
T; = leaf temperature in degrees Kelvin (measured) 


C = energy exchanged by convection (determined from the leaf-air temperature differen- 
tial and the leaf dimensions) 
E = energy exchanged by transpiration (determined by computation) 
P= energy consumed in photosynthesis (in terms of the parameters here discussed, the 
value of P is negligible). 
(Cf. Gates, 1965.) 
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Figure 31. Total radiation absorbed by a horizontal leaf during clear days, August 12-15, 
1963, in the Sierra Nevada of California. The energy lost by reradiation (measured), trans- 
piration (calculated), and convection (calculated) is shown. Measured leaf and air tem- 
peratures are also indicated. 
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junction threaded into the leaf, the other junction being in ice water outside 
the chamber. Experiments were run at three different light intensities. 
Figure 32 shows the observed rates of transpiration of two clones of Mimulus 
cardinalis and one of M. lewisii as a function of temperature under different 
constant light intensities. Between 10° and 30° C there is a nearly linear in- 
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Figure 32. Transpiration rate of Mimulus as a function of leaf temperature for low 
(50,000 erg cm” sec!) moderate (68,000 erg cm sec?) illumination. 


crease in transpiration rate as the temperature rises (Gates, 1968). At 40° C 
there is a sudden breakdown of the leaf tissues in both Mimulus species that 
results in essentially free evaporation of water from these tissues. There are no 
significant differences between M. cardinalis and M. lewisi in these respects. 

The departure of the leaf temperatures of Mimulus from ambient air 
temperatures is shown in figure 33. Below 20° C the leaves in all instances 
are warmer than in the ambient air, whereas above 30° C they are cooler except 
under conditions of very high illumination, where the crossover point is at 
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approximately 4o° C. Similar differences between leaf and air temperature 
were observed with other species of higher plants, as, for example, in such 
divergent species as Nerium oleander L., Raphiolepis ovata Briot. and a 
horticultural hybrid of Rhododendron indicum L. Obviously these effects of 
transpiration on leaf temperature are not peculiar to Mimulus. 

From these field and laboratory data it is clear that in leaves of Mimulus 
cardinalis and M. lewisii the cooling effect of transpiration at warm temperatures 
and low altitudes and the warming effect of absorbed incident radiation at high 
altitudes and cool temperatures tend to offset each other, so that the physiologi- 
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Figure 33. Departure of leaf temperature from air temperature for three clones of 


Mimulus at low (50,000 erg cm sect), moderate (68,000 erg cm sec!), and high 
(85,000 erg cm sec?) illumination. 


cal effects of the wide differences between ambient air temperatures at such 
contrasting altitudinal sites as Priests Grade and the Timberline talus slope are 
minimized. 

It should be remembered, however, that over the entire active seasonal grow- 
ing period at such diverse sites there are nevertheless wide contrasts between 
the extremes in temperature with which the plants must cope if they are to 
survive. From the standpoint of comparative physiological studies it is therefore 
essential to explore the entire ranges of tolerance of such contrasting ecologic 
races. 

There are three equally important experimental approaches to comparative 
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physiological studies of ecological species and races. The first is the comparison 
of growth responses under controlled conditions using a single external 
variable. The second is the quantitative measurement of the physiological 
processes selected for study. The third is the biochemical study of compounds 
known or thought to be closely linked with these physiological processes. 

Technically, each approach presents different sets of problems, requiring 
different skills for their solution. In the present work each of the three 
approaches was developed singly over a 10-year period. The experience gained 
through trial and error and the continuous inflow of new technical improve- 
ments in measurement and assay techniques during this period have made it 
possible to relate experimental results from the three approaches. 

In the presentation that follows we will attempt to present as fully integrated 
an account as the available incomplete data allow. We will not attempt to 
describe details of technique because these can for the most part be found in 
other publications and, moreover, such details often become rapidly outmoded 
by continuing improvements. 


Usk OF CONTROLLED GROWTH FACILITIES. Comparisons of growth between con- 
trasting ecological races and species by using a single controlled variable can 
reveal much about their physiological capabilities that cannot be found in the 
cruder but more encompassing transplant experiments at the altitudinal trans- 
plant stations described in Chapter IH. Such studies in controlled environments 
are invaluable in planning experiments involving quantitative measurements 
of physiological functions and, as will become evident in later pages, are a 
necessity for obtaining valid comparative information. Moreover, controlled 
growth facilities are indispensable for maintaining stock clones of races and 
species from extreme environments that are only able to survive for a short 
period of time under uncontrolled conditions in a climate unfavorable to them. 
None of the forms of Mimulus lewisu, for example, can be maintained 
successfully for more than one season at Stanford, whether in the field, the 
nursery, or the greenhouse. We have had to depend on plants propagated and 
maintained in growth cabinets for all our comparative physiological work. 

A pair of cabinets used in the present investigations is illustrated in figure 34. 
The units illustrated were designed for the control of temperature and light 
intensity, as well as of COz and Os: concentration in the air surrounding the 
experimental plants. Relative humidity is not precisely controlled, but is held 
constant within known limits, depending upon the adjustment of the tem- 
perature controlling device. Details of construction of the cabinets have 
previously been described* and the system used for the regulation of the 
gaseous composition of the atmosphere is described on pages 131-132. A simpli- 
fied block diagram of the gas control system is shown in figure 35. 


1 See Hiesey and Milner (1962) for details of frame construction and assembly, and Bjorkman, 
Hiesey, Nobs, Nicholson, and Hart (1967) for a description of controls for COz and Oz concentration. 
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Each cabinet unit is independent and can be used either singly or in 
combination with other units. The two cabinets illustrated in figure 34, for 
example, were often used as a working pair. The six units employed in the 
present investigations have proven to be reasonably adequate. Modifications in 
design dictated by particular experimental requirements are possible and are 
an important feature in the operation and use of such growth cabinets. 

During the years 1962 through 1969 comparative growth experiments on 
various races of Mimulus cardinalis and M. lewisit have been made in growth 
cabinets, with temperature, light intensity, day length, and CO. and O2 con- 


Figure 34. A pair of controlled growth cabinets used in various experiments. See text. 


centration as variables. From these experiments considerable information about 
the growth characteristics of Mimulus under known conditions has been 
obtained. The data, however, are by no means exhaustive, and many questions 
remain unanswered. 

The original problem was to find controlled conditions under which both 
races of M. cardinalis and M. lewisti can be grown successfully (in equally 
healthy condition) in order that subsequent laboratory measurements could 
be made on plants previously subjected to identical treatment. Success in this 
effort was realized only after several years of trial-and-error experimentation. 

Comparative growth responses under controlled conditions can at best 
only provide clues regarding underlying functional differences between given 
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clones. Studies of specific physiological processes are needed to analyze 
mechanisms that may or may not prove to be of importance in natural selection. 
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Figure 35. Block diagram of gas control system. 


PHOTOSYNTHETIC PERFORMANCE AS A MEANS OF COMPARING ECOLOGIC RACES AND 
spEcIES. In all green plants photosynthesis provides the sources of chemical 
energy and the primary substrates to drive all other biosyntheses, and one can 
assume that adequate functioning of photosynthesis in natural habitats is 
basic for the survival and success of any species or race. Consequently, only 
after investigating the photosynthetic performance of contrasting climatic races 
over known ranges of external variables can one logically embark on com- 
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parative studies of other physiological processes. Because of the complexity of 
the photosynthetic process, a review of the major elements involved in its study 
will help in interpreting the significance of experimental results. 

The photosynthetic response of a leaf to controlled variation under any one 
of the major external variables, such as the intensity and quality of light, tem- 
perature, and gaseous composition of the atmosphere, will depend on the 
genetic constitution of the plant and the environment to which it has been 
exposed. The limits within which the individual is capable of adjusting 
phenotypically are set by the genotype. 

The photosynthetic rate that a leaf can sustain under a given set of external 
factors is dependent on a number of properties of the leaf at different levels 
of organizational complexity. We must first take into account a number of phys- 
ical characteristics. They include (1) the orientation of the leaf, which influences 
light interception; (2) leaf size and shape, which influence the movement 
of air at the leaf surface, thus affecting the boundary-layer resistence to the 
diffusion of CO: into the leaf, and of O, and water vapor from it; (2) the size 
and frequency of the stomata, which strongly affect the resistance to gas 
exchange between the interior of the leaf and its immediate surroundings; and 
(4) the thickness and other physical properties of the mesophyll, which 
influence the transport both of gas and of dissolved compounds inside the leaf. 

Besides these physical factors important internal factors that must be taken 
into account include: (1) quality and quantity of photosynthetic pigments, 
which determine the efficiency with which light quanta of different wave- 
lengths are trapped, and also the efficiency with which absorbed light is con- 
verted into early photoproducts in the primary steps of photosynthesis; (2) the 
conversion of these early photoproducts to stable compounds; and (3) the 
reduction of carbon dioxide to the level of carbohydrates. The processes in- 
volved in (2) and (3) are governed by many temperature dependent enzy- 
matically controlled steps whose capacity may be expected to influence both the 
total photosynthetic rate of the leaf, and the relative amounts of the various 
products of photosynthesis. A very simplified outline of how green plant 
photosynthesis is currently believed to operate is depicted in figure 26. 

The photosynthetic capacities of leaves may differ greatly under different 
constellations of external variables even if it is assumed that the photosynthetic 
pathways are identical. For example, at low light intensities, such as those 
prevailing on shaded forest floors, the overall rate of photosynthesis is limited 
mainly by the capacity of the light-harvesting network of chlorophyll molecules, 
or by the capacity of steps concerned with the primary conversion of light 
quanta into early photoproducts. These early steps are thought to be effected 
through the complementary action of photosystem I and photosystem II 
(cf. figure 36). Under high light intensities, on the other hand, enzymatic 
steps, both those preceding and those following the fixation of CO» (as well 
as the carboxylation step itself) would be expected to be limiting, particularly 
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Figure 36. Photosynthesis takes place in two stages: a light-dependent stage, the “light” 
reactions, and a light-independent stage, the “dark” reactions. 

During the first step in photosynthesis, light is absorbed by a chlorophyll molecule 
producing an excited state. This excited molecule then transfers its absorbed energy into 
chemical energy. 

Two separate light reactions, called I and II, each one with its own pigment system, 
operate in photosynthesis. These two light reactions cooperate to produce an oxidant 
strong enough to oxidize water to oxygen gas, and a reductant capable of reducing carbon 
dioxide to the level of carbohydrates. In addition, ATP is formed from ADP and inorganic 
phosphate in a process known as photosynthetic phosphorylation. 

Several steps of photosynthesis, the “dark” reactions, can take place in the absence of 
light, provided that compounds normally produced in the previous light reactions are 
supplied. One such dark reaction is the link between the two light reactions; others operate 
in the oxygen evolution step itself and in the electron transport from the primary reductant, 
formed in the light reactions, to NADP,, and other electron acceptors. A very important 
series of “dark” reactions is the Calvin cycle in which atmospheric carbon dioxide is 
reduced to carbohydrates, proteins, lipids, etc. This reduction uses NADP,,qg and ATP, 
both of which are formed in previous steps of photosynthesis. 

In most higher plants, including Mimulus, carbon dioxide diffusing from the ambient 
air through the stomata and the mesophyll to the reaction sites in the chloroplasts reacts 
with ribulose-1,5-diphosphate (RuDP) to form two molecules of phosphoglyceric acid. This 
reaction is catalyzed by the enzyme RuDP carboxylase (carboxydismutase). In some other 
species, notably grasses of tropical origin but also in some dicotyledonous species, CO, 
reacts with phospho-enol-pyruvate (PEP) to form oxalacetic acid. This reaction is cata- 
lyzed by the enzyme PEP carboxylase. 
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at low temperatures. With air of low COs content, such as normally occurs, 
the capacity of the carboxylation step in addition to the physical barriers to 
CO, diffusion may limit the overall rate of CO2 uptake. One can infer on this 
basis that the relative capacities of the different component processes of 
photosynthesis may differ among plants from ecologically diverse habitats 
in such a manner as to enable each race to perform efhiciently under the con- 
ditions prevailing in its particular environment. 


METHODS FOR MEASURING PHOTOSYNTHETIC PROPERTIES OF LEAVES. Much in- 
formation on photosynthetic characteristics of different races and species can be 
obtained from measurements of responses in gas exchange by single attached 
leaves to controlled variation in light quality and intensity, temperature, and to 
CO: and O2 concentration. By appropriate experimental design, the effect of 
leaf shape and size on the rate of gas exchange can be diminished. Until very 
recently measurements of photosynthetic gas exchange by leaves had been 
limited almost exclusively to COz. Such measurements are readily made with 
infrared gas analyzers or techniques based upon the incorporation of “COs. 
The very recent development of sufficiently sensitive O2 analyzers appears to 
have great promise for photosynthesis measurements in leaves. One of these 
is a paramagnetic analyzer with greatly improved sensitivity (Schaub et al., 
1969). Another is based on the electromotive force created when oxygen 
diffuses through a zirconium oxide cell at high temperatures (Bjorkman and 
Gauhl, 1969). Most of the results on photosynthetic gas exchange reported 
here have been obtained with infrared CO: analyzers modified for differential 
measurements, but in some experiments the zirconium cell Oz analyzer was 
used as well. 

Simultaneous measurements of the exchange of CO2 (or Oz) and of water 
vapor on attached leaves make it possible to estimate the effects of stomatal 
resistance to gas diffusion on the rate of photosynthesis. In our measurements 
we have employed the microwave hygrometer described by Falk (1966). 

Other methods for determining the capacity of different component processes 
of photosynthesis include measurement of the light-harvesting capacity of intact 
leaves at different wavelengths, by devices employing integrating spheres, and 
of the amount of photosynthetic pigments and enzymes in leaf extracts. Of 
particular significance in this connection have been studies of the activities of 
the enzyme RuDP carboxylase (carboxydismutase) in leaves of clones of 
different races subjected to different growing conditions in connection with 
the study of light-saturated photosynthetic rates. This enzyme is responsible 
for the fixation of COs in Mimulus and there is evidence that its activity is of 
great importance in determining the rate of photosynthesis under conditions of 
strong irradiance in many higher plants (Bjorkman 1968a, b). 
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Since light is the driving force in the photosynthetic process, the relationship 
between its intensity and the rate of photosynthesis is of great importance in 
evaluations of photosynthetic capacity. This relationship is depicted in figure 
37. At low light intensities the rate of photosynthesis is a linear function of 


Rate limited by capacity of light-harvesting 
pigments and photochemical conversion of 
absorbed light 


Rate limited by capacity of biochemical 
processes and by physical barriers to 
COs diffusion 


Photosynthetic rate 


Rate governed by both 


Light intensity 


Figure 37. Diagram showing general relationship between light intensity and photo- 
synthetic rate. See text. 


intensity, and the efficiency of light conversion is constant and maximal. Internal 
leaf factors that limit photosynthesis under these conditions are the efficiency 
with which light quanta are trapped by the light-harvesting system of chloro- 
phyll molecules, and the efficiency with which the absorbed light quanta are 
converted to early photoproducts. 

As light intensity is further increased photosynthesis becomes progressively 
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less dependent on it, and at sufficiently high intensities the curve reaches a 
plateau, i.e., photosynthesis is light saturated. In its light-saturated state photo- 
synthesis no longer is limited by the capacity of the light-harvesting pigment 
system, or by primary photoacts, but by the capacity of enzyme-controlled 
steps. At the low carbon dioxide concentrations of normal air it is also limited 
by physical barriers to gas diffusion. 

It is well established (see Bjorkman and Holmgren, 1963, 1966) that light 
intensity during leaf development may strongly influence the light-saturated 
rate of which a leaf is capable. In plants occupying sunny habitats in nature, 
high light intensity for growth generally results in a higher light-saturated rate 
of photosynthesis. This ability of phenotypic adjustment of the photosynthetic 
apparatus to high light intensity is often lacking in plants that are native to 
shaded natural habitats. Such plants often fail to yield higher light-saturated 
rates when they are grown in strong light than in weak light, and in many 
cases exposure to high light intensities is detrimental and results in damage 
to the photosynthetic apparatus (see Bjorkman, 1968) 

Light intensity during leaf development also affects the anatomical char- 
acteristics of leaves. Strong light during growth generally results in thicker 
leaves and increased number of cell layers in the palisade parenchyma. This 
situation is found both in “shade” and “sun” plants. 

In the following paragraphs we will report on the response of photosynthesis 
to light intensity, and on the extent of modification of photosynthetic properties 
caused by variation of the intensity of the light under which the different 
Mimulus clones were grown. We will also report on the relationship between 
light intensity and the rate of dry matter production during growth. 

It should be pointed out that there are no great differences in light intensity 
in the habitats in which most races and species of the Erythranthe section of 
Mimulus grow. From this consideration one may not anticipate photosynthetic 
differentiation to be a result of genetic selection to different light intensities in 
this group of plants. Nevertheless, responses of photosynthesis to light intensity, 
and the extent of phenotypic plasticity of the photosynthetic apparatus with 
respect to this factor, are of basic interest and essential for evaluating their 
photosynthetic responses to other major parameters such as temperature. More- 
over, it is of importance to determine whether or not different races and species 
of Mimulus to differ genetically with respect to their capacity to respond to 
differences in light intensity. 


EFFECT OF LIGHT INTENSITY DURING GROWTH ON SUBSEQUENT PHOTOSYNTHETIC 
EFFICIENCY AS MEASURED UNDER LOW LIGHT INTENSITIES. The rate of CO» uptake 
(i.e., apparent rate of photosynthesis) can be measured as a function of wave- 
length, thus providing action spectra in which the number of moles of CO: per 
absorbed mole quantum of light can be plotted as a function of wavelength. 
In these measurements monochromatic light was used. The intensity of the 
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light was so adjusted that at each wavelength 2X10’? quanta cm sec’ were 
incident upon the leaf. At this intensity the steady state of COz uptake is a 
linear function of light intensity at all wavelengths. The rate of CO2 uptake 
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Figure 38. Upper curves: Action spectra of CO, uptake of leaves of a clone of Mimulus 
cardinalis from Jacksonville as a function of wavelength under a constant incident light 
energy input of 2 * rot? quanta cm sec-?. The solid line with dark circles shows values 
for a leaf previously grown under light of low intensity (3 x 10% erg cm-? sec~!); the 
dotted line with open circles, values for a leaf previously grown under a high light inten- 
sity (1.5 X 10° erg cm sec+). Use scale at the left. 

Lower curves: Quantum yields of the same leaves as a function of wavelength. Use scale 
at the right. 


at all wavelengths was measured to obtain action spectra. These values were 
checked by adjusting the number of incident quanta so that the same CO, 
uptake was obtained at all wavelengths. 

Action spectra made with this technique on leaves of clones of the Jacksonville 
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and San Antonio Peak clones of M. cardinalis grown at low and at high light 
intensity are shown in figures 38 and 39, respectively. The measurements were 
made at 22° C at a CO2 concentration range between 280 and 330 ppm. 
All the curves have a maximum close to 650 nm, and a minimum range 
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Figure 39. Action spectra of CO, uptake and quantum yields of leaves of a clone of 
Mimulus cardinalis from San Antonio Peak. See figure 38 for explanation of curves. 


between 520 and 550 nm. Within each clone the efficiency in utilizing incident 
light energy is higher in the leaves developed under the high light intensity. 

Such differences in the efficiency of utilization of weak light for photosynthesis 
could be caused either by differences in the absorption of incident light, or in 
the conversion of the absorbed light. To distinguish between these alternatives, 
the light-absorbing capacities of the leaves used for photosynthesis measurements 
were measured in an Ulbricht integrating sphere over the spectral range from 
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450 to 790 nm. The absorptance A) at each wavelength was obtained from 
the expression 


AySr=(Tr=P) 


where A is the wavelength, 7) is the spectral transmittance and R) is the 
spectral reflectance of the leaf. The leaf absorptance is influenced primarily by 
its pigment content (chlorophylls and carotenoids) on the basis of leaf area 
as well as the thickness and other anatomical characteristics. The relation 
between absorptance and pigment content can be roughly expressed as 


Ap Sr = EXE 


where e is the base of the natural system of logarithms, Ky is a constant at wave- 
length A, and ¢ is the amount of pigment per leaf area. An increase either in 
the concentration of pigments per leaf volume or in the thickness of the leaf 
will thus increase the absorptance. 

The absorption characteristics of the two Mimulus cardinalis clones grown 
under high and low light intensities are shown in figures 40 and 41, while 
cross sections of the leaves are shown in figure 42. 

The two clones differ considerably in leaf thickness. The thinner-leaved 
clone, 7211-4 from Jacksonville, shown at the bottom of figure 42, becomes 
thicker when grown under a higher light intensity, but so also do the leaves of 
clone 7120-8 from San Antonio Peak when grown under the same light, as 
shown in the upper part of the same figure. The thicker-leaved San Antonio 
Peak clone has a higher efficiency of incident light utilization than the 
Jacksonville clone. Also, in both clones the modified thicker leaves developed 
under high light intensity (1.5 X to” ergs cm™~ sec * or about 5000 foot-candles) 
absorb somewhat more light than those developed under low intensity (3 X 10° 
ergs cm ~ sec *, or about rooo foot-candles). 

The differences in the percentage of the incident light absorbed by the 
genetically distinct Jacksonville and San Antonio clones, while measurable, 
are not as large as one might anticipate in view of the considerable differences 
in the thickness of their leaves as shown in figure 42. The principal difference 
between the two clones lies in the greater percentage of absorption of green light 
by the San Antonio Peak clone in the 500-600-nm wavelength region. Likewise, 
the modification in leaf thickness within both clones when grown under low and 
high light intensities amounts to only about 5 percent of the total light absorbed 
over the visible spectral range. 

When the curves for the efficiency of CO: uptake per absorbed light 
quantum (quantum yield) are plotted for the two clones grown under low 
and high light intensities, as shown in figures 38 and 39, it is seen that they 
are all identical within the limits of experimental error. 

It is evident that the difference in efficiency between these two clones, and 
between propagules of the same clone grown at low and high light intensities 
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in utilizing incident light, can be attributed entirely to differences in absorptance 
of the leaves. Both the wavelength dependence and the absolute values of the 


quantum yields in both races are essentially the same, and are not significantly 
influenced by the light intensity under which the leaves are grown. 
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Figure 4o. Percentage absorption of incident light by leaves of a clone of Mimulus 
cardinalis from Jacksonville as a function of wavelength when previously grown under a 
low light intensity (3 x 10* erg cm™ sect, solid line) and under a high intensity 
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(1.5 X 10° erg cm sec, broken line), as measured with an Ulbricht integrating sphere. 


From these data it is clear that, under conditions of low incident light 
intensities, differences in efficiency in utilizing the available light among the 
different Mimulus leaves depends on the light-intercepting capacity, or absorp- 
tance, of the leaves. The relatively thick-leaved San Antonio clone fixes a greater 
number of molecules of COz per incident quantum of light than does the 
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Jacksonville clone. In both clones the propagules grown at high light intensity 
are likewise more efficient than the thinner-leaved modifications grown under 
low light intensity. The quantum yield, or efficiency of COs: uptake per 
absorbed \ight quantum is, within the limits of experimental error, the same 
in both clones whether grown at low or high light intensity. 
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Figure 41. Percentage absorption of incident light by leaves of a clone of Mimulus 
cardinalis from San Antonio Peak as a function of wavelength when previously grown 
under a low, and under a high, light intensity. See figure 40 for explanation. 


EFFECT OF LIGHT INTENSITY DURING GROWTH ON SUBSEQUENT PHOTOSYNTHETIC 
CAPACITY AS MEASURED UNDER HIGH LIGHT INTENsITIES. Under conditions of high 
light intensity, i.e., intensities above which the rate of COz uptake is no longer 
linearly proportional to increases in light intensity, a very different set of 
factors comes into play in influencing photosynthetic performance. When 
temperature is kept constant and light intensity is varied from darkness 
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to light saturation, the leaves of both the Jacksonville and San Antonio Peak 
clones grown under the high light intensity have a much higher light- 
saturated photosynthetic rate than leaves of the same clones grown under low 
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Figure 42. Sections of fully expanded leaves of Jacksonville and San Antonio Peak 
clones of Mimulus cardinalis grown under low and under high light intensities. Cross- 
hatched areas indicate intercellular spaces. Cf. figures 40, 41. 


light intensity. Curves showing photosynthetic rates of the two clones grown 
under the two intensities are shown in figure 43. 

Such reductions in light-saturated photosynthetic rate of clones grown under 
low light intensity as compared with high light occur in all races and species 
of Mimulus that we have studied, as well as in hybrid derivatives. This is 
shown in table 21, which lists ratios between photosynthetic rates of diverse 
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Figure 43. Apparent photosynthetic rates of Mimulus cardinalis as a function of light 
intensity on propagules of the same clones grown under strong light (100,000 erg cm 
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sec?) and under weak light (25,000 erg cm™ sec ~') when measured at 20° and 30°C. 
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clones grown under high:low light intensities. The values of all these ratios 
are greater than 1.00, a response that is characteristic of plants occurring 
naturally in sunny habitats. In strictly shade races or species this response may be 
reversed, as shown by Bjorkman and Holmgren (1963, 1966). It is also 
evident that the numerical values of the ratios for different clones listed in 
table 21 vary over a considerable range, a topic that will be discussed in more 
detail in later pages. 


TABLE 21 


Ratios BETWEEN LiGHT-SATURATED PHOTOSYNTHETIC Rares oF Mimulus Propagules 
GROWN UNDER HicH LicHT INTENSITIES AND PROPAGULES GROWN UNDER Low LiGHt INTENSITIES * 


M. cardinals: 


EOSma An COSSMODA Gad peer serrate Waa te nn Spr cn Uttar mums aatine seen h ce Gets fol aeteons 2.40 
Jacks nivalll Coma je 4 Sire eb rata ery aR hina War ymin Stas APL eR tae t wal/iaa sare Maer ooh Grice! 2.50 
SanweAnto Miombed kam /p)2 (Scum ep gr, a Gunmen ream nner! Sct wv. Sec ch, cat cb castigo line 2.02 
M. lewisu: 
Warimareke “Teller, 7S so ois conesvnans ecu oth 3 craase Soar ieee acme Game role ee Rare tc 1.64 
ist berlin @qmme/.4 024 Minera ae meena tee nme fru anarne Reh: Cn amet I Gh ee AR gad Wn al a E26 
TLopeganay: Tae WAGSIIEZ& 5 a ae Bhat ws gr ale beatin oat aero cee in ENCE Breese Er Beceem ahah halter aan reve a CCE To 1.82 
M. nelsoni: 
Saal to acpi RON eet rune Peon en. eR Dae tens tne BH ap Ge toa k Sita a AR opt they AY 1.87 
Hybrids: 
cardinalis Los Trancos *& lewis Timberline, F:: CD00 Stn ae eee mn tae lee: 1.82 
cardinalis Los Trancos & lewisit Timberline, Foe: HAS 5 = Some ei tar Mutt, etter 1.88 
cardinalis Los Trancos  lewisi Timberline, Fo: TEM DAL(Gis aetna Aa OO eee ah ee eae 1.85 
cardinalis Los Trancos X& lewisi Timberline, Fe: TALI U7 Serre aon er Scien aa i ea 1.66 
lewisu Timberline X nelsoni El Salto, F:: TY We2Aye (GiOMlGiG)) ss0ccec00088 2.05 
lewis Timberline X nelsoni El Salto, F:: ADW0DAbe (usec). 5000000. 2.38 
lewisu Timberline & nelsoni El Salto, Fe: JOWOAB. (waueyalon)) ..2..6.500000- 1298 


* The high-light propagules were grown at 125,000 erg cm™~ sec” intensity, the low-light pro- 
pagules, mostly at 25,000 erg cm™~ sec *. Photosynthetic measurements were made at 20° C in air 
with an average COz concentration of approximately 0.030%. 


COMPARISONS BETWEEN CLONES OF M. cARDINALIS AND M. LEWISIT GROWN UNDER 
DIFFERENT LIGHT INTENsITIES. A more detailed study of the effect of light intensity 
during growth on the capacity for light-saturated photosynthesis was made by 
comparing the M. cardinalis clone 7211-4 from Jacksonville with the M. lewis 
clone 7635-2 from Logan Pass. In these experiments cloned individuals were 
grown under three different light intensities. In addition to photosynthesis, 
the leaf anatomy, leaf content of chorophyll and protein, and the activity of the 
carboxylation enzyme, RuDP carboxylase, were determined. 

As is evident from table 22, the light-saturated rate of photosynthesis 
on the basis of unit leaf area approximately doubles when the light intensity 
during growth is increased from 18,000 to 53,000 erg cm™ sec” (i.e, 75% 
higher in Logan Pass, 125% higher in Jacksonville). When the intensity during 
growth is further increased to 106,000 erg cm™ sec’, the light-saturated rate 
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TABIER 22 


EFFrecr oF Licur INTENSITY DURING GROWTH ON THE SUBSEQUENT 
Licht-SATURATED PHOTOSYNTHETIC RatTE oF Mimulus CLOoNEs * 


Photosynthetic rate,* 
uu mol COz & dm” X min 


Light Intensity during Growth, M. lewisit M. cardinalis 
erg cm ~ sec * Logan Pass (7635-2) Jacksonville (7211-4) 
18,000 Tee. 45 
53,000 I25 10.2 
106,000 13.6 14.4 


* Propagules grown at a constant temperature of 20° C with a 16-hour photoperiod, 300 ppm 
CO» concentration, and 21% Os concentration. Photosynthetic rates were measured at 20° C with 
300 ppm COz and 21% Oz under saturating white light from a high-pressure xenon arc. 


again increases, but in this step the increase in photosynthetic rate is less 
marked (abut 10% in Logan Pass, 40% in Jacksonville). 

Figure 44 shows the effect of these three light intensities on the leaf anatomy 
of the two clones. Leaf thickness increases greatly with increasing light 
intensity in both, the thickness at the highest light intensity being about twice 
that of the lowest. When the clones grown under the same light intensities 
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Figure 44. Sections of leaves of propagules of M. lewzsu and M. cardinals clones grown 
under low, intermediate, and high light intensities. 
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are compared, M. lewisii from Logan Pass invariably has the greater leaf 
thickness. As shown in figure 44, the increase is attributable to a greater 
number of cell layers in the palisade and spongy parenchyma as well as to an 
increase in the size of the cells. The modifications in leaf structure in the two 
clones due to differences in incident light intensity therefore appear to be 
parallel. They also result in differences in light absorption as shown in 
figures 45 and 46. 

One might assume that the composition and the content (on the basis of unit 
leaf volume, or fresh weight) of photosynthetic components that determine 
the capacity for light-saturated photosynthesis do not change as leaf thickness 
increases. If this assumption were correct, one would predict that the light- 
saturated rate on the basis of unit leaf area would increase with increasing 
leaf thickness. The increase would be expected to be essentially directly pro- 
portional to the increase in leaf thickness, assuming that the leaf is saturated 
with respect to COz concentration. Under normal CO: concentrations, however, 
the photosynthetic rate is at least partially limited by CO:, and the longer 
diffusion pathways that result from increased leaf thickness would tend to 
counteract the effect of increased leaf mass in relation to area. From these 
considerations, the relationship between the light-saturated rate of photo- 
synthesis in normal air and leaf thickness would be estimated to approximate 
the rates shown by curve C in figure 47. 

From curves A and B of figure 47, which are based on experimental data 
from the two Mimulus clones, it is obvious that the observed results deviate 
strongly from the above prediction. ‘The increase in photosynthetic rate with 
a given increase in leaf thickness is much greater than expected. This finding 
invalidates our original assumption that the composition and content of the 
components inside the leaves that determine the capacity for light-saturated 
photosynthesis remain constant. ‘The activity (or amount) of these components 
on the basis of unit leaf volume must, therefore, increase with increasing light 
intensity for growth. Experimental data supporting the latter conclusion are 
shown in tables 23 and 24. 

The activity of the carboxylation enzyme, RuDP carboxylase, on the basis 
of unit leaf fresh weight, approximately doubles when light intensity during 
growth is increased from 18,000 to 53,000 erg cm™ sec ' in both clones. When 
light intensity is further increased to 106,000 erg cm™ sec’, the enzyme activity 
again increases, but the increase is considerably greater in the Jacksonville than 
in the Logan Pass clone (table 23). These results show that the level of at least 
one key enzyme that can be expected to influence the capacity of the light- 
saturated rate of photosynthesis increases with increasing light intensity during 
growth. 

We have not assayed for the activities of photosynthetic enzymes other than 
the carboxylation enzyme. It seems likely, however, that since the level of 
soluble cell protein (table 24) roughly parallels that of RuDP carboxylase, the 
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Figure 45. Percentage absorption of incident light by leaves of Mimulus lewisu Logan 
previously grown under low (18,000 erg cm sec!), intermediate (53,000 erg cm sec +), 
and high (106,000 erg cm sect) light intensities as a function of wavelength. See 


figure 44 (upper row) for anatomical cross sections of the same leaves. 
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Figure 46. Percentage absorption of incident light of Mimulus cardinalis Jacksonville 
previously grown under low (18,000 erg cm™~™ sec +), intermediate (53,000 erg cm sec-), 
and high (106,000 erg cm sec) light intensities as a function of wavelength. See 


figure 44 (lower row) for anatomical cross sections of the same leaves. 
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level of other photosynthetic enzymes also increases as the light intensity during 
growth becomes greater. Although the content of chlorophyll on a fresh weight 
basis generally increases with greater light intensity, the amount of increase is 
much less than for protein and RuDP carboxylase (table 24). This result is not 
surprising since the content of light-harvesting pigment per se would not be 
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Figure 47. Rate of CO, uptake at light saturation as a function of leaf thickness by 
Mimulus lewisu, clone 7635-2 Logan, and M. cardinalis, clone 7211-4 Jacksonville. See 
text. 


expected to have much effect on the light-saturated photosynthetic rate (cf. 
Bjorkman, 1968). 

The data presented above demonstrate (1) that Mimulus clones have the 
ability to adjust to increased light intensity during growth by increasing their 
capacity for light-saturated photosynthesis; and (2) that this is achieved both 
through an increased ratio of leaf volume to leaf area and through an increased 
level of photosynthetic enzymes, as determined on the basis of leaf volume. 
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TABLE 23 


EFFECT oF Licut INTENSITY DURING GROWTH ON THE AcTiIvITY OF RUDP CarBoxyYLAsE 


Light Intensity during Growth, 


aa a= 
erg cm ~ sec 


IN LEAF Extracts oF Mimulus CLONES 


12] 


RuDP Carboxylase Activity ,* 
# mol COz & min’ & (g fresh wt) * 


awa Daas (7G3S-D) Jncecomviille (72ILA) 


18,000 
53,000 
106,000 


tod) 4.4 
10.0 19 
ISLES NBD 


* Enzyme assay: 0.05 M NaHCOs, 4 & 10% M RuDP, pH 8.0, 30° C. 


EFFECT OF LIGHT INTENSITY ON THE PRODUCTION OF DRY MATTER. From the data 
just presented, one would expect that up to the limit of light-saturating 
intensities, higher light intensities should result in a faster rate of growth, L.e., 
in greater production of dry matter per unit of time. Experimental evidence 
confirms this conclusion. 

Figure 48 shows the growth of propagules of the M. lewis clone 7635-2 from 
Logan Pass in comparison with comparable propagules of the M. cardinalis 
clone 7211-4 from Jacksonville under the three light intensities mentioned pre- 
viously. With the exception of light intensity, all the propagules were grown 
under exactly comparable conditions over a period of 17 days (cf. footnote, 
figure 48). It is evident from the illustration that both the Logan and Jackson- 
ville clones made more growth under the highest light intensity than under the 
lowest. 

Table 25 shows the average net dry weight increase of the two clones in this 
same experiment. The dry weight increase in both the Logan and Jacksonville 
clones was linearly proportional to light intensity under the conditions of this 
experiment, as shown by the graph in figure 49. The slope or rate of increase 
in growth with light intensity for the Logan Pass clone was greater than for 
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Errecr oF LicHr INTENSITY DURING GROWTH ON CHLOROPHYLL 
AND SOLUBLE PROTEIN CONTENT IN LEAVES OF Mimulus CLONEs * 


Chlorophyll (a + b), 


; : m fresh wt) * 
Light Intensity g (8 


Soluble Protein, 
mg (g fresh wt)~* 


during Growth, Logan Pass Jacksonville Logan Pass Jacksonville 
erg cm™ sec * (7635-2) (7211-4) (7635-2) (7211-4) 
18,000 1133) Ai 9.3 8.2 
53,000 L533 L 2D 20.6 15.9 
106,000 1.70 1.87 20.7 Doli 


* Chlorophyll determined by method of Arnon (1951), protein by the Folin-Lowry method. 
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Jacksonville, a fact that may be related to the inherently greater leaf thickness 
of the Logan clone, as shown in figure 44. 

A highly significant difference illustrated in figure 48 is the more rapid 
development of flowering stems and flower buds in the M. lewisu clone than in 


Figure 48. Growth of clone 7635-2, Mimulus lewis Logan, in comparison with clone 
7211-4, M. cardinalis Jacksonville, under light intensities of 18,000, 53,000 and 106,000 ergs 
cm” sec-!, Plants grown for a 17-day period under a 16-hour photoperiod at 20°; CO, 
concentration, 300 ppm; O,, 21.0%. See also figure 49. 


M. cardinalis. This marked acceleration in rate of flowering development in the 
alpine plant is clearly of ecological significance, since in its native habitat the 
growing season is very short compared with that of the foothil M. cardinalis 
from Jacksonville. 
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WANBILIS, ZD 


Dry WEIGHT INCREASE IN Mimulus CLONES DURING GROWTH UNDER DIFFERENT LIGHT INTENSITIES 


Net Dry Weight Increase 
per Propagule, g * 


Light Intensity during Growth, M. lewisi M. cardinals 
erg cm” sec * Logan Pass (7635-2) Jacksonville (7211-4) 
18,000 0.165 + 0.016 233 as O035 
53,000 (0.650 + 0.034 OOD ae 0253 
106,000 350 ae O71 USO ae O26! 


* Values are means of 8 propagules for each treatment during the 17-day experimental period; 
cf. figures 48 and 49. 
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Figure 49. Dry weight increase in the clone 7635-2, Mimulus lewisu Logan, and 7211-4, 
M. cardinalis Jacksonville, as a function of light intensity. See figure 48. 
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In figure 48 it can also be seen that more flower buds are produced by the 
Logan Pass clone at the higher light intensities than at the lower intensities. 
In controlled cabinet experiments, more flowers have been observed under 
high than under low light intensities in clones of both M. lewis and M. 
cardinalis. Light intensity, in conjunction with other external variables, notably 
day length and temperature, is therefore an important factor influencing 
flowering response in these species of Mimulus. 

Typical long-term responses of the Jacksonville (7211-4) and San Antonio 
Peak (7120-8) clones of Mimulus cardinalis to differences in light intensity are 
shown in figure 50. In this experiment the light intensity was approximately 
125,000 erg cm~ sec ' for the propagules shown at the left, and 25,000 erg 
cm” sec * for those shown at right. The plants illustrated were started as 
small rooted cuttings of matched size and grown for 32 days at a temperature 
of 22° C during the day and 15° C at night under a 16-hour photoperiod. 
Detailed data on the photosynthetic performance and leaf structure of the same 
two clones under the two light intensities were presented earlier on pages 
g8-100. 

Modifications in leaf thickness, size, and texture at the two light intensities 
are parallel in the two clones, as is evident in figure 50. A typical feature is 
the shorter internodes with more leafy shoots emerging from the axils of the 
leaves on the propagules grown under the high light intensity. Very evident 
also is the greater overall growth, and the greater number of flower buds formed 
at the high intensity than at the low intensity. 


PREECISIOETO> AND CON CONCENMREAWONS ON 
PHOTOSYNTHESIS AND GROWTH 


During the past several years it has become well established that higher 
plant photosynthesis is strongly inhibited by the oxygen content of normal 
air (Bjorkman, 1966; Fock and Egle, 1966; Tregunna et al., 1966). Both 
photosynthetic Oz evolution and CO: uptake are affected, with the notable 
exception that CO» exchange is unaffected by O2 in higher plant species that 
possess the B-carboxylation (C-4 dicarboxylic acid) pathway of photosynthetic 
CO: fixation (Forrester et al., 1966; Hesketh, 1967; Bjorkman, 1967; Downes 
and Hesketh, 1968). 

In species lacking the B-carboxylation pathway of photosynthesis, including 
Mimulus, a reduction in Oz concentration from the usual 21% of air to a few 
percent typically results in an enhancement of CO2 uptake in the order of 40 
to 50% when the CO: concentration is kept at the level of normal air, Le., 
approx. 300 ppm. As shown in figure 51, the inhibition is rapid, and it is also 
rapidly and fully reversible. The speed of the response strongly suggests that the 
phenomenon is not caused by an increase of stomatal aperture under low Or 
concentration. Conclusive evidence that stomatal regulation is not involved has 
been provided by Gauhl and Bjorkman (1969). Changes in O2 concentration in 
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Figure 50. Effect of differences in light intensity on the growth of Mimulus cardinalts 
clones originally from San Antonio Peak (clone 7120-8, above) and Jacksonville (clone 
7211-4, below). Propagules at the left were grown under a light intensity of 125,000 erg 


9) =il 


cm sec1, those at the right, at 25,000 erg cm? sec?, both on a 16-hour photoperiod. 
Day temperature, 20°, night temperature, 15°; CO, concentration, 300 ppm; O,, 21.0%; 
duration of experiment, 32 days. 
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the range 1% to 21% had no effect on transpiration rate in the several species in- 
vestigated in spite of the fact that the rate of photosynthesis was strongly af- 
fected. Very recent experiments with Mimulus cardinalis Jacksonville yielded 
the same negative results. Transpiration in the clone was unaffected when the 
O: concentration was decreased from 21% to 1.5% Oz even though CO: uptake 
increased by about 50%. 

The O: inhibition affects both the light-limited and the light-saturated rate 
of photosynthesis. As shown in table 26 this is true of Mimulus as well as other 
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Figure 51. Time course of the rate of CO, exchange in response to changes in oxygen 
concentration in Mimulus cardinalis Jacksonville, clone 7211-4. Red light (Amax=665 nm, 
half-bandwidth, 35 nm) providing roo nanoeinstein cm~? sec. Leaf temperature, 22°. 


species. Moreover, the effect is the same at different wavelengths throughout 
the visible spectrum (table 27). 

At a given temperature the inhibiting effect of Oz on the light-saturated rate 
of photosynthesis increases as the CO2 concentration is decreased (figure 52). 
Expressed in different terms, for any given photosynthetic rate, a higher CO: 
concentration is required in 21% Oy, than when the Oz concentration is kept 
low. Similarly, the COs concentration required for COz saturation of photo- 
synthesis increases with increasing Oz concentration. It is likely, therefore, that 
the CO. dependence curve of photosynthesis determined in low Oz concentra- 
tion relates more closely to the intrinsic CO2 dependence of the carboxylation 
(plus the diffusion) process than does the CO2z dependence curve determined 
in air of normal O2 content. 


PHYSIOLOGICAL STUDIES ON ECOLOGICAL RACES AND SPECIES 127 


TABLE 26 


INHIBITION OF COz Uprake IN 21% O: at DirFERENT LicHtr INTENSITIES * 


Photosynthetic Inhibition, Percent 


Light Absorbed, einsteins Solidago Plantago Mimulus 
Gin sae” S< lO virgaurea lanceolata cardinalis 

1-2 29 Sil 30 

3-5 30 31 30 

7-10 30 31 30 

15-20 26 31 
23-29 26 52 af 
100 bis 3333 Sil 


* Measurements made at 22° C, 0.03% COs; incident light, 654 nm; half bandwidth 10 nm 


for absorbed values up to 30 & 10° einsteins cm™ sec’; for highest value, 665 nm, half bandwidth 
35) GT 


At a given CO: concentration of the gas surrounding the leaf, the inhibition 
by Oz increases with increasing leaf temperature. As shown in figure 53 the 
light-saturated photosynthetic rate of 300 wl COs per liter of air increases 
strongly with temperature above 15° C. The point at which a further increase 
in temperature leads to a marked decline in the rate of CO: uptake is, however, 
essentially unaffected by COz concentration. 

It is likely that the effect of temperature on the O: inhibition is, at least in 
part, closely related to the effect of COz concentration. The amount of dis- 
solved COz in a water solution in equilibrium with air of a constant CO: 
concentration decreases markedly as temperature is increased. For example, at 
30° the concentration of dissolved CO: (e.g. in mg/l) is only about 52% of 
that at 10°. An increase in temperature would therefore be expected to decrease 
the effective CO. concentration in the mesophyll. The marked influence of 


IVAN, 27 


PHOTOSYNTHETIC COz2 UPTAKE UNDER 2.0% Oz AND UNDER AIR (21.0% Oz) 
AT DIFFERENT WAVELENGTHS IN Mimulus cardinalis (CLoNE 7120-7) 


Half CO2 Uptake, 4M cm™ sec” * oe 
Wavelength, Bandwidth, Inhibition, 

nm nm Low O: Air Percent 
440 37 1.39 0.93 33 
540 48 1.33 0.89 33 
590 30 1.38 0.94 SV) 
650 49 1.38 0.93 32 
700 >) 1.40 0.91 35 


* Measurements made at 23° C and 300 ppm COQ; light intensity, 10* erg cm™ sec* at 650 nm. 
At other wavelengths the intensity was adjusted so that rates of CO2 uptake were approximately 
the same as at 650 nm. The rates in part were light-saturated. 
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temperature on the inhibition by Oz may thus largely be accounted for by its 
effect on COs concentration. 

It is well known that under low light intensities photosynthesis is much less 
influenced by temperature and COs concentration than it is under high light 
intensities. This was also found to be true of the inhibiting effect of Oz; the O» 
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Figure 52. Carbon dioxide dependence of light-saturated photosynthesis under 0.15% 
and 22.5% O, in Mimulus cardinalis Jacksonville, clone 7211-4. Light intensity held con- 
stant at 340,000 erg cm” sec"! (400-700 nm). Leaf temperature, 27°. 


inhibition of the light-limited photosynthetic rate was nearly constant over a 
CO: concentration range of 200 to 300 ppm and a temperature range of 15- 
to 2a” C. 

With the notable exception of species utilizing the 8-carboxylation pathway 
of photosynthesis (these lack an effect of O2 on CO2 uptake), different species 
of higher plants appear to be remarkably similar with regard to their photo- 
synthetic response to O» concentration. Our studies of the effect of Oz on 


PHYSIOLOGICAL STUDIES ON ECOLOGICAL RACES AND SPECIES 129 


photosynthesis also did not reveal any marked differences in this respect among 
the different species and races of Mimulus. 

In spite of much recent work in several laboratories aimed at resolving the 
mechanism for the inhibitory effect of oxygen, the process that underlies the 
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Figure 53. Temperature dependence of light-saturated photosynthesis under 1.5% 


and 21.0% O, in Mimulus cardinalis Jacksonville, clone 7211-4. Light intensity held 
constant at 340,000 erg cm sec"! (400-700 nm); CO, concentration, 320-340 ppm. 


effect is as yet largely unknown. Several workers have used the term “photo- 
respiration” to designate this process. ‘There is evidence that the inhibitory 
effect is caused primarily by an oxidation of immediate or intermediate products 
of photosynthesis, and that glycolate production and metabolism are involved. 
The rate of glycolate production is known to be stimulated by high oxygen 
concentration and by low COs concentration. As yet the origin of glycolate is 


b) 
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obscure, but there is some evidence that it is produced by the oxidation of a 
Calvin cycle intermediate such as a sugar phosphate (RuDP?). The oxidant 
could be an early product of the photoacts or might perhaps be formed by the 
reoxidation of a highly reduced photosynthetic intermediate by oxygen in a 
Mehler type reaction. The hypothesis that RuDP is the source of glycolate is 
attractive in that it would be consistent with the observation that the Oz effect 
on CO, uptake is present under rate-limiting light intensities, and that under 
conditions of saturating light the inhibition increases with decreasing CO» 
concentration. At the present time there is no indication what function the 
unknown process underlying the inhibiting effect of Oz on photosynthesis 
(“photorespiration”) might serve. 

If “photorespiration” does serve a critical biosynthetic function, it would 
be expected that growing plants under low Oz concentration would inhibit 
growth, since “photorespiration” would then be strongly suppressed. An 
enhancement of growth under lower O: concentration than that of normal air 
would be expected only if photorespiration does not serve an essential biosyn- 
thetic function under the conditions used (this is not to exclude the possibility 
that it has a useful function in normal air) and if the enhancement of apparent 
photosynthesis under low Os concentration is not caused by a diversion of 
reducing power to COs fixation at the expense of other vital biosynthetic pro- 
cesses. For an enhancement of growth to be observed, it would also be necessary 
that secondary growth processes are not adversely affected by low Oz concen- 
tration, and that the growth experiments are made under conditions where 
growth rate is substantially limited by photosynthetic rate. 

Comparative growth experiments were therefore made with Mimulus and 
other species under different Oz concentrations, in order to elucidate the 
relationship between the effects of Oz concentration on photosynthesis and on 
productivity. 

Although many studies have been made on the effects of different partial 
pressures of Oz and COz in the root media of higher plants, few investigations 
have been concerned with the effect of O2 concentration in the atmosphere. 
Siegel and co-workers (1963) have shown that such plant processes as germina- 
tion, root development, and coleoptile elongation are essentially unaffected, 
and sometimes even enhanced, by subatmospheric O: levels, whereas senescence 
is suppressed. In some cases seedling growth was found to be somewhat greater 
at 10% than at 20% Oz, and young seedlings were able to grow at concentra- 
tions as low as 5%. 

So far as we are aware, with the exception of our own studies (Bjorkman et 
al., 1967, 1968) and very recent work by Fock and Egle,’ there have been no 
experiments under precise control of temperature, light intensity, and COz and 
O» concentration to determine whether or not the enhancement of net CO» 


1 Egle, personal communication. 
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uptake by leaves in low ambient O: concentration is related to increases in dry 
matter production. 


METHOD OF GAS CONTROL IN GROWTH CABINETS. In order to conduct satisfactory 
comparative growth experiments upon the effects of varying COz and O: con- 
centrations on Mimulus and other species, several technical problems must be 
resolved: precise control must be maintained over temperature, CO2 concentra- 
tion, Oz concentration, and the quality and intensity of light. The achievement 
of such control requires considerable development, and merits some detailed 
description. 

In order to avoid as far as possible any effects (positive or negative) on root 
metabolism that may result when the O2 concentration is lowered, it is necessary 
to isolate the roots from the tops of the experimental plants with gas-tight seals. 

The experimenal plants were grown in the pair of cabinets shown in figure 
34. The air circulation system inside the cabinets is closed to the external 
atmosphere, and each cabinet is connected to a large collapsible plastic bag of 
approximately 500 | capacity to equalize internal and external pressures. The 
bag prevents leakage from the external air into the cabinets that would other- 
wise take place when the external atmospheric pressure increases, or when the 
internal pressure varies due to slight changes in temperature during cycling 
of the controls. 

A schematic diagram of the control system is shown in figure 35. This 
diagram should be considered in relation to figure 34. Thermistor-operated 
controllers provide precise temperature control (+0.1°). Gas from the cabinet 
chambers is continuously pumped through a paramagnetic O2 analyzer (Beck- 
man, Model F3) and an infrared CO: analyzer (Beckman, Model L/B 15A, or 
Lira Model 300, Mine Safety Appliances). Both the Oz analyzer and the CO, 
analyzer are equipped with electronic controllers specifically designed for this 
purpose. Each controller consists of a solid-state operational amplifier used 
in a voltage comparator circuit that compares the output of the gas analyzer 
with an internal reference. When the gas concentration deviates from the 
preset reference level, a transistor switch activates a solenoid in the controlling 
gas line to correct this condition. 

To avoid undesirable differences in COz or Oz concentration between the two 
cabinets, the same analyzers are used for both. An electronic timer switches the 
gas sampling and controlling circuits alternately between the two cabinets at 
preset intervals (usually 60 sec). When a cabinet is being operated at or above 
atmospheric Oz concentrations, CO:-free air is slowly fed into the cabinet to 
prevent the CO2 concentration from increasing beyond the preset value. At 
subatmospheric Oz concentrations, the CO:-free air is replaced with CO>-free 
No. The absolute accuracy of COz control when monitored by the Beckman 
Model L/B 15A infrared analyzer is about +5 ppm in the range 200 to 400 
ppm. The maximum difference between the cabinets (if both are set to the 
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same value) is only about +2 ppm. With the Lira Model 300 infrared analyzer 
the latter difference is about +10 ppm. The accuracy of the O2 control is about 
+ 0.57% in the range between 0 and 25%. 

Light is provided by 96-inch Sylvania cool-white VHO fluorescent tubes 
(2.4 m long) supplemented with incandescent lamps. Since a single light 
bank is used for the illumination of both cabinets, differences in light intensity 
and quality between the two cabinets can be kept very small. 

The liquid nutrient medium for the roots can be aerated with gas whose 
composition is independent of that of the cabinet atmosphere. Gas-tight seals 
between the root and the shoot are obtained from foam neoprene gaskets 4 mm 
thick. Prior to an experiment, circular gaskets ca. 4 cm diameter are cut from 
a sheet of foam neoprene. Holes ca. 1 mm in diameter are punched in the 
center. Cuttings of Mimulus made from tips of stems or side shoots about 6-8 
cm long are carefully inserted through the holes in the gaskets. The cuttings, 
with the gaskets surrounding them, are then rooted in Hoagland’s nutrient 
solution. As the cuttings become rooted and the stems expand in diameter, air- 
tight seals are formed around the stems by the foam neoprene gaskets that do 
not cause injury or undesirable effects on the subsequent growth of the pro- 
pagules. This same technique has been used successfully both with cuttings 
and with very young seedlings of other species. 

After rooting, the cuttings are transferred to aquarium-like reservoirs 12 X 14 
cm high x 66 cm long. The cuttings are supported by cementing the top surfaces 
of the neoprene gaskets to which they are attached to the underside of the black 
plastic cover (made of heavy plexiglass) of the reservoirs. Holes large enough 
to accommodate the plants are spaced at intervals through the covers. The covers 
are then sealed to the nutrient reservoirs by means of foam neoprene gaskets 
that are cemented along the sides and ends of both the reservoirs and their 
covers. Air from one of the cabinets or from the outside can be pumped con- 
tinuously through the liquid nutrient solution in the reservoirs and then 
returned to the cabinet from which it was taken, or simply exhausted outside 
the cabinets. 

In the growth chambers transpiration water released by the plants is con- 
densed on the cooling coils of the refrigerator system and drained through a 
trap below. 


GROWTH RESPONSES OF MIMULUS UNDER DIFFERENT O2 AND CO: CONCENTRA- 
tions. Figure 54 illustrates results from two experiments on the Jacksonville 
clone 7211-4 of M. cardinalis in which Oz and CO: concentrations were varia- 
bles. The top row shows propagules grown for 12 days in an atmosphere 
containing 4% Oz, as compared with the 21% Oz: concentration of normal air. 
In this experiment the CO: concentration under both treatments was maintained 
at 0.o110% or 110 ppm. This concentration is about one-third that of normal 
air, and close to the CO: compensation point for whole plants of this clone of 
Mimulus at the 25° temperature at which they were grown. 
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The rooted cuttings shown at the right were placed in the cabinet having 
normal air concentration of Os at 21%, in contrast with those at the left, with 
only 4% Os». Light of an intensity of 71,500 erg cm™ sec * was supplied con- 


Figure 54. Growth of Mimulus cardinalis Jacksonville, clone 7211-4, under 4% and 
21% oxygen at two levels of CO. concentration. 


tinuously over the 24-hour photoperiod. The roots were aerated with normal air. 
As shown at the upper left of figure 54, growth took place in the cuttings 
maintained at 4% Oz, whereas those under 21% Oz (upper right) barely main- 
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tained their original size at the end of the 12-day experimental period. These 
results are also made evident by comparing their mean dry weights, shown in 
the left-hand columns of table 28. At the low CO: concentration at 110 ppm 
the photosynthetic rate of the plants grown in air was close to the CO2 compen- 
sation point with no net gain per propagule. Under the same CO: concentration, 
the propagules in 4% Oz were able to maintain a high enough photosynthetic 
rate to allow considerable new growth and accumulation of dry matter, a mean 
of 0.189 g per propagule. When these same experimental conditions were re- 
peated, except that the CO: level was maintained at a normal air concentration 
of approximately 0.032%, or 320 ppm, good growth was obtained under both 


TABLE 28 


EFFect oF REDUCED Os CONCENTRATION ON GROWTH OF Mimulus 
cardinalis (CLone 7411-4) ar Two COs ConcENTRATIONS * 


CO: Concentration 110 ppm + COz Concentration 640 ppm + 


21% O2 4.0% Orv 21% Or 4.0% Orv 
Mean final dry weight per 
propagule, g OiN7 sz02D O306s2 075 O493 SE O19 OG0D a= O85 
Minus mean initial dry weight, g 0.117 0.117 0.126 0.126 
Mean net dry weight increase, g 0.000 0.189 0.367 0.479 


All propagules were grown at 24° under continuous white light at 71,500 ergs cm™ sec” intensity; 
cf. figure 53. 

* Values are means of 15 matched propagules for a 12-day experimental period. 

| Values are means of 10 matched propagules over an 8-day experimental period. 


Oz levels, but the dry weight increase was go% greater under 4% than under 
21% Oz (cf. table 29). 

At the bottom of figure 54 the results of another experiment are shown in 
which the same differential with respect to Oz concentration was maintained 
but the CO: concentration was increased to 0.064%, or 640 ppm, about twice 
that of the normal concentration of air. Under these conditions the propagules 
under both 21% and 4% Oz showed very rapid growth, but even with these 
high growth rates the propagules under 4% Oz made a 30% greater increase 
than the propagules under 21% Os:, as shown by the net increases in dry weight 
in the right-hand columns of table 28. 

Table 29 summarizes data from the three experiments with the Jacksonville 
clone in which the O2 level was kept constant at 47%, while COz was maintained 
at three concentrations, 100, 320, and 640 ppm. It is clear that there is a sig- 
nificantly greater growth of the propagules under 4% as compared with 21% 
O: at all three CO» concentrations, but the relative increase becomes smaller as 
CO» concentration is increased. These data suggest that further increases in 
CO: concentration would further diminish the growth differential between 
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TABI 29 


EFFECT OF Os CONCENTRATION ON GROWTH OF Mimulus cardinalis * 
AT DIFFERENT COs CONCENTRATIONS 


Ratio, 


; Increase in Dry Weight per Propagule, mg Increase in 4% Oz 
COz Concentration of 


Surrounding Air, ppm Grown in 4% Oz Grown in 21% O2 Increase in 21% Oz 


110 150 10 > 10.00 
320 1076 565 1.90 
640 N44 804 Ay 


* Data are from the clone 7211-4 from Jacksonville; the values are means of 10 propagules in 
each treatment over 10-day experimental periods. Temperature was held constant at 25° C, and 
light was continuous at 71,500 ergs cm™ sec * intensity (cf. fig. 53). 


low and high O: levels, a prediction that follows logically from the data pre- 
sented in figure 52. 

A question that naturally arises from these experiments is whether further 
reduction of the Oz concentration below the 4% level would enhance growth 
even more in comparison with propagules in 21% Oz. The results of two ex- 
periments designed to answer this question are presented in table 30. In experi- 
ment 03 comparison was made of the growth of propagules of the same clone 
of M. cardinalis under an O: concentration of 4% and under 21% Oz. In ex- 
periment 04 immediately following, the same conditions were repeated with 
the same clone, except that the low Oz level was reduced to 2.5%. It is evident 
that the degree of enhancement in growth was less under 2.5% Oz than under 
4% Oz. The ratio of dry weight increase at low: high O2 concentration in the 
10-day experiments was found to be 1.58 under 2.5% Oz as compared with 1.90 


TABLE 30 


EFFECT OF DIFFERENT LEVELS OF Os CONCENTRATION ON GROWTH 
oF Mimulus cardinals * 


Ratio, 
; Low Oz 
Oz in Low Oz 
Control Concentration Control (21%) 

EXGPCTUNICT iN ORO SE Do Mies foe ae tse. 4.0% 
Mean final dry weight per propagule, g 0.675 = 0.029 1-186 32 0043 
Mean initial dry weight per propagule, g 0.110 0.110 
Net dry weight increase, g 0.565 1.076 1.90 
ENED CHLIN CH LEIN OM Or EOSIN ch Pe a ak oe DIS one ety oer rs 2.5% 
Mean final dry weight per propagule, g 0.589 + 0.017 0.887 + 0.036 
Mean initial dry weight per propagule, g 0.70 0.70 
Net dry weight increase, g 0.519 0.817 1.58 


* Data are from clone 7211-4, Jacksonville; values are means of 10 propagules over 10-day experi- 


ments. Temperature was held constant at 25° C, light continuous 71,500 ergs cm™ sec’ intensity. 
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under 4% O:. Both from the appearance of the plants at the end of the experi- 
mental periods, and from the data on dry weights, it appears that an Oz level of 
2.570 may be too low for maximum enhancement of growth of this clone, al- 
though it is not too low for enhancement of the light-saturated photosynthetic 
rate, as mentioned earlier. 

The above experiments were facilitated by the fact that the Mimulus cardinalis 
clone used is not adversely affected in growth by continuous illumination over 
a 24-hour period. In experiments designed to investigate whether the enhance- 
ment of photosynthetic rate by low Oz is accompanied by corresponding in- 
creases in net dry weight, it is important to eliminate possible harmful secondary 
effects such as might be caused by a low Oz level on respiration during a dark 
period. Moreover, it is technically rather difficult to control O2 and COz con- 
centrations precisely with alternate illuminated and dark periods during an 
experiment. Some species are adversely affected by continuous light, as for 
example, Phaseolus vulgaris, which became chlorotic under continuous light 
under 21% Oz, but not under 4% Oz (cf. Bjorkman et al., 1966). 

Enhancement of growth in O: concentration lower than that of normal air 
has been demonstrated also in the liverwort Marchantia polymorpha Betal, 
(Bjorkman and Gauhl, 1968). On the basis of data obtained from measure- 
ments of photosynthetic response to Oz concentration, and of the CO2 compen- 
sation point, one would expect that the enhancement of growth by low Oz is 
widespread among higher plants, with the exception of certain tropical species 
of grasses and also of dicotyledonous plants that possess the $-carboxylation 
pathway of COz fixation (see pp. 124-131 for further discussion and references 
to literature). An example of a species in this category is Zea mays which, 
when grown under the same oxygen concentrations of 4% and 21% as used in 
the Mimulus experiments, failed to show significant differences in net dry 
weight, although growth was markedly enhanced by an increase in CO con- 
centration from 110 to 320 ppm, as shown in table 3r. 

The data thus far obtained in our comparative growth experiments with 
different oxygen concentrations indicate that the strong depression of “photo- 
respiration” that results when the Oz concentration is reduced does not lead 
to a reduction in the rate of growth, but instead, to an enhancement analogous 
to the effect of O» concentration on the photosynthetic rate, the effect on growth 
increasing with decreasing COz concentration. The results therefore strongly 
suggest that “photorespiration” does not serve a critical biosynthetic function, 
and that its suppression by low Os concentration causes a true increase in 
photosynthetic productivity. 

This, however, does not imply that during the course of evolution plants have 
acquired a process that is useless, or even detrimental, to plant growth; attempts 
to increase photosynthesis and yield in air of normal O2 and CO: content by 
inhibiting “photorespiration” by chemicals or other means are probably not 
likely to be successful. Species with B-carboxylation provide examples of plants 
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which have overcome the inhibiting effect of O2 on photosynthetic CO uptake 
(although photosynthetic O2 evolution is markedly inhibited). This has 
probably not been accomplished by elimination of a biochemical system, but 
rather by acquisition of an additional system that serves to overcome the dis- 
advantages of high Oz and low CO: concentration. In order to gain this in- 
creased effectiveness of carbon dioxide fixation in normal air, these plants may 
have to pay an intrinsically greater energy cost in terms of the number of moles 


of ATP required for each mole of CO: fixed. 


MopIFIcaTIONS INDUCED ON MIMULUS BY VARYING Oy. CONCENTRATION. Al- 
though our observations on the growth of Mimulus under different Oz con- 
centrations are limited to the single clone 7211-4 M. cardinalis Jacksonville, 
modifications in propagules grown under 4% Oz, rather than 21% Oz merit 


TABLE 31 


GROWTH OF Zed mays AT DIFFERENT CO2 AND Oz CONCENTRATIONS 


CO: Concentration 110 ppm CO: Concentration 320 ppm 
Oz Concentration ; Oz Concentration 
Differ- Differ- 
4.0% 21.0% ence 4.0% 21.0% ence 
Mean dry weight increase insig- scarcely 
per seedling, g * 0.196 0.218 nificant, 13473) 1269 significant, 
p= > 05 3 KP K OS 


* Values are means of 5 seedlings over 10-day experimental periods. Temperature was held con- 
stant at 25° C, light intensity at 71,500 erg sec’ with a 24-hour photoperiod. 


description. Under low O2 the growth habit is more compact and the stems are 
thicker and leaves are somewhat larger and thicker than on those grown under 
21% Oz. Root development is notably greater in propagules whose tops are 
subjected to 4% O2 than in those grown in 21% O2, when the plants are grown 
in nutrient solution and aerated with normal air. The larger root systems 
indicate that much of the added photosynthate produced under low O: is trans- 
located in large part to them. 

Light-saturated photosynthetic rates on a leaf area basis appear to be 
significantly greater on leaves of the same clone grown under 4% O2 than on 
those grown under 21% Oz. Table 32 lists light-saturated photosynthetic rates 
measured on leaves of the Jacksonville clone developed under 4% and 21% O2 
when the CO» concentration was that of normal air at approximately 320 ppm. 
The photosynthetic rates were measured both in normal air and under low O2 
(1.5%), and are listed in the table. From these data it is evident that the 
apparent light-saturated photosynthetic rates as measured in air are approxi- 
mately 297% greater in leaves of propagules previously grown under 4% Oz than 
in those grown under 21% Ox. The same relative difference is found also 
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when the rates are measured in an atmosphere containing only 1.5% Os. In 
the latter measurements the light-saturated photosynthetic rates on both low- 
and high-O.-grown propagules show the usual enhancement of approximately 
40% under low Oz mentioned in previous pages of this chapter. 


TABLE 32 


EFFECT OF Os CONCENTRATION DURING GROWTH ON SUBSEQUENT LIGHT-SATURATED 
PHOTOSYNTHETIC Rates oF Mimulus cardinalis 


Light-Saturated Photosynthetic Rates * 


Measured in 21% Oz Measured in 1.5% Oz 
A. B. Percentage Cy 1D), Percentage 
Grownin Grownin _ Increase of Grownin Grown in Increase of 


4.0% Oz 21.0% Oz A over B 4.0% Oz 21.0% Oz C over D 


Apparent photosynthetic 
rates, clone 7211-4, 
4 mole COz dm~ min™ 9.80 7.31 34.2 15.20 10.90 39.5 


* Means of measurements on two propagules under each experimental treatment. Measurements 
with 21% and 1.5% Oz were made on the same leaves after a 10-day experimental period. Grown 
at a constant temperature of 25° C; light intensity, 71,500 erg cm” sec’ over a 24-hour photo- 
period; COz concentration, 320 ppm. 


GROWTH EXPERIMENTS WITH VARIED CO» coNcCENTRATIONS. The effect of vary- 
ing the CO: content of the surrounding air on the growth of Mimulus plants 
has been studied in experiments in growth cabinets. In these comparisons, 
clones were propagated as cuttings rooted in a mixture of sand and vermiculite 
and were potted in soil in 4-inch pots before being subjected to the experi- 
mental treatments. The plants were watered frequently with nutrient solution 
throughout the experimental periods. The O2 concentration was held constant 
at normal atmospheric composition. The CO: concentration was varied at pre- 
determined levels ranging in different experiments from approximately 
0.015% (150 ppm) to 0.150% (1500 ppm) by means of apparatus previously 
described. Cool-white fluorescent lamps (Sylvania VHO) were used as light 
sources. Examples of experimental results, and the principal conclusions derived 
from them, follow. 

Figure 55 illustrates the growth of two clones of Mimulus cardinalis grown 
for a 25-day period under 300 ppm CO, (right) as compared with 1250 ppm 
(left). The responses of the coastal clone 6546-5 from Los Trancos are shown 
below, and those of the Sierran foothill form from Priests Grade, 7210-1, above. 
At the start of this experiment all the propagules of both clones were compar- 
able rooted cuttings 5-7 cm high. Both day and night temperatures were 


1 See French, Clair, and Hiesey (1962) and later improvements by Bjorkman et al. (1967). 
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kept constant at 25°, and light intensity was maintained at approximately 
71,500 erg cm ~* sec ' over a 12-hour photoperiod. 

The marked enhancement in growth that took place in both clones at the 
higher COz concentration is clearly evident in figure 55. At 1250 ppm COs the 
leaves became somewhat modified, being narrower and thicker than those of 
propagules grown at 300 ppm, a difference that is not readily apparent in the 
illustration. 

The somewhat greater degree of enhancement in growth of the coastal Los 
Trancos clone 6546-5 at the higher CO: concentration than of the Sierran foot- 
hill clone 7210-1 from Priests Grade is also evident in figure 55. Table 33 lists 
the dry weight increases per propagule for the two clones, and also their mean 
stem heights under the two CO, treatments at the end of the experimental 
period. From this table it is seen that the mean dry weight per propagule of 
the Los Trancos clone is 113% greater under the higher CO: concentration 
than under the lower, as compared with 74.3% for the Priests Grade clone. 
A similar differential between the two clones applies to stem heights. 

In another experiment the growth of the same two clones was compared 
under a subatmospheric CO: concentration of 175 ppm and at the 300 ppm of 
normal air. Thus the low-CO: propagules were supplied with approximately 
half the CO. concentration present in the normal air with which the others were 
supplied. After a 39-day experimental treatment the dry weight increase of the 
Los Trancos clone was 268% greater in the propagules grown under 300 ppm 
CO, than in those grown under 175 ppm, whereas the corresponding gain was 
only 53% in the Priests Grade clone. 

The difference in degree of enhancement of growth at high CO: concentra- 
tion shown by the Los Trancos and Priests Grade clones of M. cardinalis sug- 
gests that a clone of the same species native to a higher elevation might show 
a still greater difference. Figure 56 shows the results of a comparison of the 
growth at 300 ppm and 1250 ppm CO: of two clones: clone 7210-1 from Priests 
Grade, at 300 m elevation (the same clone used in the previous experiments ) 
and clone 7120-8 from San Antonio Peak, originally from an altitude of 
2500 m. In this 31-day experiment the day temperature was again maintained 
at 25° and the light intensity held at approximately 71,500 erg cm™~ sec *. The 
greater growth of the Priests Grade clone under 1250 ppm CO: (shown at the 
lower left of the figure) than at 300 ppm (lower right) is clearly evident. The 
responses of the San Antonio Peak clone 7120-8 shown in the upper part of 
the figure may on first sight appear to be slight reversal of those observed in 
the Priests Grade clone. However, the difference in mean net dry weight in- 
crease between high and low CO: treatments of propagules of the San Antonio 
Peak clone is insignificant, as shown in table 34. This is in marked contrast 
with the Priests clone, whose net dry weight increases 100% at the higher CO» 
concentration. 

There are also marked differences in the kinds of modifications in the leaves 
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Figure 55. Growth of two clones of Mimulus cardinalis under high CO, concentration 
(left, 1250 ppm) and under low CO, concentration (sight, 300 ppm). 
Above: Clone 7210-1 originally from Priests Grade at 400 m elevation in the foothills of 


the Sierra Nevada of California. 
Below: Clone 6546-5 from Los Trancos Creek from near sea-level along the coast of 


central California. 
Temperature held constant at 25°; light intensity, approximately 71,500 erg cm? sec; 


photoperiod, 12 hours; O, concentration, 21.0%; duration of experiment, 25 days. 
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Figure 56. Growth responses of contrasting altitudinal races of Mimulus cardinalis 
under high (/eft, 1250 ppm) and under low (right, 300 ppm) CO, concentrations. 
Above: Clone 7120-8 from San Antonio Peak at 2200 m elevation. 

Below: Clone 7210-1 from Priests Grade at 400 m elevation. 

Day temperature, 25°, night temperature, 15°; light intensity, 71,500 erg cm~° sec7}; 
photoperiod, 12 hours; O, concentration, 21.0%; duration of experiment, 31 days. See 
also table 31. 
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and stems of the two clones under the high and low CO: treatments. The 
leaves of the San Antonio Peak clone become much thicker under high CO, 
concentration than under the lower concentration, and they have an additional 
one or two layers of palisade cells. The thickening of the leaves and stems of 
this clone at the high COz concentration is accompanied by a reduction in 
leaf area, so that the overall appearance of this plant changes rather markedly, 
as shown in figure 56. Conversely, the leaves of the Priests Grade clone show 
only a small increase in leaf thickness, and no increase in the number of palisade 
layers. On the other hand, stems of the Priests clone are larger in diameter 
at the higher CO. concentration as a result of the overall enhanced growth. 

Figure 57 compares the growth of a clone of the subalpine form of M. lewisi 
from near the Timberline station and that of the clone 7210-2 of M. cardinalis 
from Priests Grade, under high CO: concentration, with growth under low 
CO: concentration. In this 24-day experiment the propagules were grown 
at a day temperature of 25° and a night temperature of 15°, conditions that 
are suitable for growth of both clones of these contrasting altitudinal races. 
Light intensity was maintained at 71,500 erg cm” sec’. The greater growth 
of the Priests Grade clone at the higher COz concentration is obvious from the 
illustration, and is consistent with the previous experiments. As shown in 
table 35, the average dry weight increase per propagule of this clone was 65% 
higher when grown under the higher CO: concentration. The clone of sub- 
alpine M. lewisii likewise increased its mean dry weight at the higher CO: 
concentration, but only by 20%. 

Under the conditions of this experiment the modifications induced by the 
higher CO, concentration in the leaves of the M. /ewisii clone are marked, as can 
be seen in figure 57. The leaves are much narrower, shorter, and thicker under 
the higher CO2 concentration, and the internodes on the stems are much shorter. 
Anatomical sections of leaves reveal one or two more layers of palisade 
parenchyma cells in propagules grown under 1250 ppm COz than in those 
grown under 300 ppm, as well as more layers of spongy parenchyma. The 
light absorption of the high-CO:z leaves is also measurably increased, especially 
in the 500-550-nm wavelength range. The modifications on the Priests Grade 
clone, on the other hand, are much less marked under the same two COs, 
concentrations. 

McMahon and Bogorad (1966) compared the RuDP-carboxylase activity 
in leaf extracts of four clones of M. cardinalis, including the races represented 
in figure 56, and found marked differences in their Michaelis constants for 
COsz totai, which is equal to the sum of CO2+ HCO; +H-2COs. All four clones 
were grown at normal atmospheric concentration of COz. For 7210-1, a clone 
from Priests Grade, these Km values were in the range 18 to 20 mM as 
compared with 5 to 10 mM for San Antonio Peak clone 7120-15, a sister plant 
of 7120-8, illustrated in figure 56. From the data on the four clones studied 
(table 36) these authors concluded that the Michaelis constants for COsz total 


PHYSIOLOGICAL STUDIES ON ECOLOGICAL RACES AND SPECIES T45 


Figure 57. Above: Propagules of Mimulus lewistt (clone 7424-4) originally from near 
Timberline in the Harvey Monroe Hall Natural Area at 3200 m elevation, grown under 
1250 ppm CO, (left) and 300 ppm (right). 

Below: Propagules of M. cardinalis (clone 7210-2, originally from Priests Grade at 400 m 
elevation) grown under the same treatments. 

Day temperature, 25°; night temperature, 15°; photoperiod, 12 hours; light intensity, 
71,500 erg cm™ sec-!; O, concentration, 21.0%; duration of experiment, 24 days. See also 


table 32. 
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appear to be inversely related to the native altitude of the Mzmulus races. Since 
low Michaelis constants reflect a high affinity of the enzyme for COs totai, and 
vice versa, these im vitro biochemical data appear to be consistent with the 
conclusion, based on growth experiments, that races of M. cardinalis from 
higher altitudes have a greater capacity to absorb CO: from the surrounding 
atmosphere, when it is present in low concentrations, than races from lower 
altitudes. The Michaelis constants given above are 500 to 2,000 times higher 
than the COz concentrations occurring in water in equilibrium with air, and 
would therefore seem to be of little relevance to CO: fixation in vivo. A very 
recent report by Cooper et al. (1969) provides evidence that of these molecular 
species of COs tota, only COz itself can serve as an active substrate for the 
enzyme. Since the concentration of CO: at the pH used for the enzyme assay 1s 


TABLE 36 


MICHAELIS CONSTANTS FOR RUDP CARBOXYLASE IN LEAF EXTRACTS OF 
DIFFERENT Races oF Mimulus cardinalis 


Michaelis Constants,* 


Clone Native Altitude, m Km, mM Na H COs 
7113-8 Los Trancos 45 19-22 
7119-16 Baja California 550 12-15 
7210-1 Priests Grade 400 18-23 
7120-15 San Antonio Peak 2200 0) 


* For bicarbonate with crude preparations of RuDP carboxylase; mean values of five determi- 
nations (data from McMahon and Bogorad, 1966). 


less than 1% of COs totai, the Michaelis constants, if recalculated for CO», would 
become more reasonable, but still about 5 to 20 times higher than the CO» con- 
centration in water in equilibrium with air. 

Evidence relating light-saturated photosynthetic rates with RuDP carboxylase 
activity in sun and shade plants has been presented by Bjorkman (1968). It is 
possible that the different growth responses of diverse species and races to CO: 
concentration are not related to differences in affinity of the carboxylation 
enzyme to CO2, but rather to the inhibiting effect of O2 on CO: uptake (see 
pages 124-131 of this chapter). If different species and races of plants differ 
in their sensitivity to high O» concentration, then different degrees of CO: 
dependence in the presence of normal air may be related to the O:2 effect. 

It is well known that, in general, the degree of stomatal opening decreases 
with increasing CO: concentration. This suggests that the different degrees 
of enhancement of growth by increased CO: concentration could be related 
to differences among races and species in the degree of sensitivity to COz of their 
stomatal control systems. At present, we have no direct evidence either to 
support or to negate such a hypothesis. Recent results obtained in this laboratory 
from simultaneous measurements of CO, uptake and transpiration rate under 
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varying O» concentrations on leaves of Atriplex patula and Mimulus cardinalis 
indicate, however, that stomatal resistance may not be a critical factor in 
limiting CO: uptake under conditions of ample water supply and normal air. 

Measurements by Billings, Clebsch, and Mooney (1961) on photosynthetic 
rates of high-altitude vs. low-altitude races of Oxyria digyna (a race from 
Logan Pass, at 2000 m elevation, and one from near sea-level, at the mouth 
of the Pitmegea River in Alaska) indicated higher photosynthetic rates for the 
high-altitude race than for the lowland race at CO: concentrations in the range 
400 to 100 ppm. These authors suggest that the high-altitude ecotype may have 
a greater inherent capacity than the lowland form to absorb CO. under the 
reduced partial pressure of this gas at high altitudes. 

Whether or not species and races of plants from high altitudes, where the 
partial pressure of COz is relatively low, have evolved forms that are in general 
more efficient than lowland forms in absorbing CO2 at low CO: concentrations 
is a question that merits further investigation. The various pieces of evidence 
reviewed above suggest that this may be the case. 
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As may be expected, temperature has a profound influence on the growth of 
all those races of M. cardinalis and M. lewisu that have been studied. The 
magnitude and sometimes even the direction of the growth responses to varying 
temperatures could not, however, have been accurately predicted from the re- 
sponses at the altitudinal field stations described in Chapter II. Photosynthetic 
rate and the activity of photosynthetic enzymes are directly and markedly 
influenced by temperature. Moreover, as indicated by the examples given below, 
photosynthetic responses as well as biochemical characteristics, including 
chlorophyll and protein content and levels of carboxylation enzymes in the 
leaves, are influenced by the temperature under which the plants have previously 
been grown. 


EFFECTS OF TEMPERATURE ON GROWTH. During 1962-1966 a number of experi- 
ments in controlled growth chambers were conducted to compare the growth of 
clones of M. cardinalis and M. lewisii under different temperature treatments. 
Some examples will be presented to indicate the kinds of responses that have 
been observed. 

Figure 58 shows the growth responses of three contrasting clones of M. 
cardinalis when grown at constant day and night temperatures of 10° and 20° C, 
respectively, with a 12-hour photoperiod. The three clones are 6546-5, Los 
Trancos, from near sea-level along the central California coast; 6694-105, 
Yosemite, from the central Sierra Nevada at 1200 m elevation; and 7120-15, 
San Antonio Peak, from 2200 m elevation in the San Gabriel range of southern 
California. At ro” C all three grow slowly, with no evidence of flowering 
during the experimental period. At this cool temperature, however, the coastal, 
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Figure 58. Growth responses of Mimulus cardinalis clones at 10° (left) and 20° (right). 
Above: Clone 7120-15, originally from San Antonio Peak at 2200 m elevation. 
Center: Clone 6694-105, originally from Yosemite Valley at an altitude of 1200 m elevation. 
Below: Clone 6546-5, originally from Los Trancos Creek near sea-level. 
Temperatures held constant during days and nights; light intensity, 71,500 erg cm ~ 
sect; photoperiod, 10 hours; CO, concentration, 300 ppm; O,, 21.0%; duration of experi- 
ment, 41 days. 
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normally winter-active Los Trancos clone shows somewhat more growth 
activity than either of the two other clones originating from montane habitats 
with colder winter climates. 

At 20° C growth in all three clones is greater than at 10° C. This is especially 
visible in the coastal Los ‘Trancos clone which attained full flowering during 
the 41-day experimental period. Its propagules attained a net dry weight 
increase of 72 percent over the propagule grown at 10° C (table 37). At 20° C 
the Yosemite clone increased by a comparable amount in relation to its growth 
at 10° C, but did not flower. The San Antonio Peak clone weighed only 32 
percent more at 20° than at 10-, and, like Yosemite, produced no visible flower 
buds under these conditions. At the beginning of the experiment all three 
clones were started as comparable small rooted cuttings approximately 4 cm in 


height. 


TABLE S/ 


Dry WEIGHT INCREASE IN Mimulus cardinalis CLONES at Two TEMPERATURES 


mg per Propagule * Increase at 20° over 10° C 
Clone lO? € MO CE mg dry wt percent 
6546-5 Los Trancos, coastal 0.656 + 0.041 1.179 = 0.085 0.523 79.5 
6694-105 Yosemite, 1200 m 0.402 + 0.018 (0.796 + 0.049 0.393 98.0 
7120-15 San Antonio Peak, 
2200 m O39 se W402 0.586 + 0.059 0.195 49.8 


* Mean values of 4 propagules of each clone for a 41-day experimental period. Temperature held 
constant; light intensity, 71,500 erg cm™~” sec’ for a 10-hour photoperiod; COz concentration, 300 
ppm; Os, 21.0%; cf. figure 57. 


The temperature responses of the three clones, illustrated in figure 58, thus 
appear to be consistent with the climatic differences in their native habitats. 
Los Trancos is from a coastal climate having winter rains during which the 
plants are in active growth. Summer temperatures are likewise mild, and 
seldom as high as the summer temperatures in montane areas such as Yosemite 
and San Antonio Peak. Both Yosemite and San Antonio Peak are winter 
dormant in the mild Stanford garden, as in their native habitats. 

At the mid-altitude Mather transplant station the winter-active Los Trancos 
clone typically sends out new shoots during occasional warm, snow-free, periods 
of winter and in early spring, after the snow melts, only to be frozen shortly 
thereafter by frosts. This usually results in fatal injury, as the food reserves 
become exhausted. The winter-dormant, slower-moving Yosemite and San 
Antonio Peak clones are less vulnerable to these early-season freezes and are 
able to survive at this mid-altitude station. 

Other experiments in the controlled cabinets with these and other clones of 
M. cardinalis show that, in general, most forms of this species grow slowly at 
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15 or below, appreciably more rapidly at 20°, and even more rapidly at 25° C 
or higher. As shown earlier by Went (1957), many other species of higher 
plants may show substantial increases in dry weight yield when cool night 
temperatures are alternated with warm day temperatures, compared with growth 
under constant temperature. This has also been found to be true of Mimulus. 
Figure 59 shows propagules of two clones of Mimulus cardinalis started as small 
rooted cuttings, after a 35-day period in which one group was maintained at a 
constant day and night temperature of 20° C; another was maintained at a 
constant 30° C; and a third was maintained at 30° C during the day and 15° 
during the night. In these experiments the plants were provided with a 12-hour 
photoperiod. ‘The large enhancement in growth of both clones at the alternating 
day and night temperatures, as compared with the growth at either of the 
constant temperatures, is clearly evident. The differences are even more impres- 
sive when compared on the basis of dry weight yields, shown at the left in 
table 38. 

A point of special interest is the differential responses between the Los ‘Trancos 
and Priests Grade clones, illustrated in figure 59. Under the relatively low 
light intensity in which these plants were grown (35,000 erg cm ~ sec *, 12-hour 
day), the coastal clone 6546-5 from Los Trancos produced at 30° C only one- 
fifth the dry weight increase made at 20° C. Clone 7210-1 from the warm 
Sierran foothills at Priests Grade yielded at 30° two-thirds of the dry weight 
increase recorded at 20° C (left half of table 38). That both clones produced 
less dry matter at 30° than at 20° C can probably be attributed to a greater 
respiratory loss at 30° C, especially during the dark period. When the same 
clones are grown under the lower night temperature of 15° C, marked en- 
hancement in dry weight increase occurs in both. 

Parallel experiments with the same two clones grown at the same temperatures 
but under more than twice the light intensity (100,000 erg cm™ sec), re- 
sulted in higher overall dry weight growth increases. The relative degree of 
differential response between the two clones was altered, however. In Los 
Trancos the dry weight increment of growth was approximately the same at 
20° as at 30° C, whereas in Priests the increment was 50 percent higher at 30° C 
than at 20° C (right half of table 38). Thus the Priests clone again was rela- 
tively more efficient in growth at 30° C than Los Trancos. To the eye of the 
observer, the growth of both clones would appear vigorous at 20° C at both 
the low and the high light intensities. Alternating a day temperature of 30° 
with 15° at night increased the growth of both clones under the high light 
intensity, but the degree of enhancement was less evident than under the lower 
light (table 38). 

These results are consistent with our knowledge of the importance of light 
intensity for growth in Mimulus, as described on pages 94-96. The light in- 
tensity required for saturation of photosynthesis in both the Los Trancos and 
Priests clones is in the order of about 250,000 erg cm™~ sec *. For the plants 
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grown under low light illustrated in figure 59 the intensity was approximately 
one-seventh that of saturation; under the high light intensity, less than one-half. 
When alternating day and night temperatures are maintained at the ex- 


Figure 59. Growth of Mimulus cardinalis clones at constant temperatures as compared 
with alternating day and night temperatures. 
Above: Propagules of clone 7210-1, originally from Priests Grade in the foothills of the 
Sierra Nevada of California, grown at a constant temperature of 20° (left), 30° (center), 
and alternating day and night temperatures of 30° and 15° (right). 

Below: Propagules of clone 6546-5, originally from Los Trancos along the central Cali- 
fornia coast, grown under the same conditions. 

Light intensity, 35,000 erg cm™ sec+; photoperiod, 12 hours; CO, concentration, 300 
ppm; O., 21.0%; duration of experiment, 35 days. 


tremes of 35 -25° C as compared with 15°-5° C, marked differences in rate of 
growth and in flowering development are evident in M. cardinalis. A tempera- 
ture of 15° C during the day and 5° C during the night results in slow growth 
in all races of M. cardinalis, irrespective of their altitudinal origin. An extremely 
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high day temperature of 35° combined with a 25° C night temperature results 
in a greatly increased growth and flowering. Table 39 summarizes data from 
an experiment in which the growth of clone 7210-2 from Priests Grade was 
compared with clone 7120-15 from San Antonio Peak at the 35°-25° and 15 -5~ 
combinations. The capacity of such distinct altitudinal forms of Mimulus 
cardinalis to grow at such contrasting temperatures reflects the wide overall 
tolerance of this species whose forms nevertheless show such differential re- 
sponses as are illustrated in figures 58 and 59. 

A study reported by Vickery (1967) on the growth of a botanical garden form 
of M. cardinals in the Earhart Laboratory of the California Institute of Tech- 
nology at Pasadena also points to a wide tolerance for the growth of this 
species at different temperatures. In another investigation conducted in the 


TWABILS, BY 


GrowtH oF Mimulus cardinalis CLONES AT CONTRASTING ALTERNATING 
Day anp NicHTt TEMPERATURES 


7210-2 Priests Grade 7120-15 San Antonio Peak 
35° ID, QD INf 15° ID), D? INI 35° 1D), 2° IN; 115° 1D), 15° IN} 
Dry weight increase, ¢ Igo seQA7 W7/> s2 WLS TY) se 030 0.86 ae O09 
Increase in stem height, cm ASA ae (0,3 8.6 + 0.02 Sui ae (0.5) DOD se ODI 
Mean number of flowers per stem 6.1 20.5 none fio ae 0,6 none 


* Values are means of 10 propagules of each clone for a 37-day experimental period. Light in- 
tensity, 71,500 erg cm™ sec ~*; 12-hour photoperiod; normal air concentration of COs and Os. 


Earhart Laboratory, Dr. Morris Cline (1970)' compared the growth of seedlings 
of the Priests Grade race of M. cardinalis with that of seedlings of M. lewisu 
from near Timberline at constant day and night temperatures of 3°, 7°, 11,15 , 
19, 23, and 27° C over an 8-month period during 1967. One set of seedlings 
of each species was grown under a 16-hour day and another under an 8-hour 
day. Light was supplied by fluorescent lamps supplemented by incandescent 
light and was of an intensity much below saturation for both species. Under 
the 16-hour day both M. cardinalis and M. lewisu seedlings (7 replicates in 
each experiment) attained maximum stem growth and dry weight yield at 
19° C. At 27° M. lewisii succumbed to the high temperature, whereas M. 
cardinalis maintained active growth. At 3° C both M. lewisu and M. cardinalis 
made very little growth, but the increment of increase in M. lewisii was approxi- 
mately twice that in M. cardinalis. Under the short 8-hour day the mortality 
of M. lewisii seedlings was very high, with measurable growth only at 7°, 11, 
15, and 19°, with maximum dry weight yield at 19°. The M. cardinals 


1 We are indebted to Dr. Cline, now at the Ohio State University, for data relating to his experi- 
ments, and for permission to summarize some of the results of his study. 
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seedlings under the same 8-hour day survived over the entire range from 3° to 
27°, with maximum dry weight yield again at 19°C. Under the 8-hour day 
flowering stem development was markedly retarded as compared with the 
16-hour day, but M. cardinalis at 23° and 27° C developed elongated flowering 
stems. The results from Dr. Cline’s experiments reflect the interaction be- 
tween temperature and the supply of light energy for growth of these ecologi- 
cally contrasting species of Mimulus. 

Although the field measurements on leaf temperatures in contrasting 
natural habitats of M. cardinalis and M. lewisu described on pages 93-94 show 
a less pronounced difference than might be expected, experiments in the 
controlled growth cabinets reveal that M. lewzsi is less tolerant of warm tem- 
peratures than M. cardinalis. Consistently successful results for vegetative 
propagation by cuttings and for growing cloned propagules of M. lewisu for 
photosynthetic measurements were realized only when day temperatures were 
maintained within the range of 20° to 23° C, and night temperatures between 
15 and 17° C. In contrast, cuttings of M. cardinalis of different races can 
easily be rooted and established not only under these conditions, but also under 
a wide range of temperatures (both in controlled cabinets and in uncontrolled 
greenhouse conditions) including extremes at which all forms of M. lewisu 
invariably fail. 

Studies on responses to temperature of growth and photosynthetic and bio- 
chemical characteristics were made during 1968 and 1969 with the clone 7211-4, 
M. cardinalis Jacksonville, from the warm Sierran foothills of California at 
200 m elevation, and with clone 7635-2, M. lewisii Logan Pass, originally from 
an alpine habitat in Glacier National Park at 2,000 m elevation. ‘The upper 
half of figure 60 illustrates the growth response of the two clones at 10° and 
30 C after 17 days, and the lower half of the same figure depicts the same 
clones after a 30-day experiment at the same temperatures. In these experiments 
both clones were started from comparable rooted cuttings established under 
identical conditions in a growth cabinet. The light intensity was maintained at 
53,000 erg cm ~ sec * for a 16-hour photoperiod, the day and night temperature 
remaining constant. The COz concentration was held at 0.032% (320 ppm) and 
the Oz concentration at 21.0%. 

As is evident from the upper photographs in figure 60, the Jacksonville 
clone at 30° C developed normal, healthy leaves and stems, whereas the Logan 
clone produced weak, slender stems with abnormally reduced leaves and 
precocious flower buds after the 17-day experimental period. During this 
17-day period the increase in growth of the Jacksonville clone was 2.4 times 
greater at 30° than at 10, whereas in Logan the increment of growth at these 
contrasting temperatures was approximately the same (a ratio of 0.9) as shown 
in table 4o. The differential growth responses of the two clones at the two 
temperatures reveal a breakdown of the Logan clone at 30° C in contrast with 
the Jacksonville clone which grows successfully both at 30° and at 10° C. 
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Figure 60. Growth of Mimulus lewisit Logan (clone 7635-2) in comparison with 
M. cardinalis Jacksonville (clone 7211-4) at 10° and 30°, after 17 days (above) and after 
31 days (below). 

Day and night temperatures held constant; light intensity, 53,000 erg cm~* sect; photo- 
period, 16 hours; CO, concentration, 0.032%; Os, 21.0%. See also table 37. 
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This is clearly illustrated in the lower half of figure 60; whereas after 31 days 
at these temperatures Logan dies at 30°, Jacksonville continues to thrive. 

In view of the marked hybrid vigor observed at the altitudinal transplant 
stations in the Fi progeny of M. lewis and M. cardinalis, as described in 
Chapter II, the growth of the F: seedling progeny of the M. lewis clone 
7635-2 and the M. cardinalis clone 7211-4 was compared with the growth of 
rooted cuttings of the parents at 10° and 30° C. The conditions of illumination 
and COz and O: concentration were the same as in the preceding temperature 
experiment. Although the 14 seedling replicates grown at each temperature 
were fairly variable, their growth response at 30° was intermediate between the 
parents, as shown by the mean dry weight increases of the Fi progeny listed 


TABLE 40 


GrowtH oF Mimulus lewis Locan, M. cardinalis JACKSONVILLE, AND 
THEIR F; Hysrips ar 10° anp 30° C 


Ratio 
Dry Weight Increase, g Growth at 30° C 
lO” C 30° € Growth at 10° C 
Mimulus lewisu (clone 7635-2) * 0.139 + 0.023 0.126 + 0.064 0.9 
Mimulus cardinalis (clone 7211-4) * D4 a5 O03 0.337 a2 O077 2.4 


F; hybrids (culture 7718) + NAS2 ae OOS O27 7 a= 025 Hol 


* Values are means of 7 replicated propagules. Experimental period, 17 days; day and night 
temperatures held constant; light intensity, 53,000 erg cm™~ sec * with a 16-hour photoperiod. 
Concentration of COs, 0.032%; Os, 21.0%. 


+ Values are means of 14 replicated seedlings grown under same conditions as the parents. 


at the bottom of table 40. Evidence of hybrid vigor under the high temperature 
is therefore lacking, but at ro” C the growth of the hybrid is apparently greater 
than that of either parent, indicating heterosis at this temperature. 


EFFECT OF TEMPERATURE ON PHOTOSYNTHETIC AND BIOCHEMICAL CHARACTERISTICS. 
Light-saturated photosynthetic rates in Mimulus and in many other plants are 
often characterized by a comparatively small dependence on temperature in the 
range 15 to 30° C. This relatively small effect of temperature on light-saturated 
photosynthesis has generally been interpreted to mean that photosynthesis is 
limited primarily by physical barriers to CO. diffusion, since any process that 
is limited by enzyme activity may be expected to exhibit a marked temperature 
dependence. 

Recent evidence indicates that the weak influence of temperature on photo- 
synthetic rate as measured in air is largely attributable to the inhibiting effect 
of Os in photosynthetic uptake. As shown in figure 61, the temperature de- 
pendence in both the Jacksonville and Logan clones is much greater when 
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measured in 1.5% Oz, where the inhibiting effect of oxygen is greatly reduced, 
than in the presence of 21.0% Os. These results are in agreement with those 
obtained by Joliffe and Tregunna (1968) for wheat leaves and by Bjorkman 
and Gauhl (1968) for Marchantia. 

In 1.5% Oz and 0.03% COs: the Arrhenius equation was found to be approxi- 
mately valid for both the Logan and Jacksonville clones of Mimulus in the 
lower temperature range 5° to 15 C. It is likely that the deviation from the 
Arrhenius equation at higher temperatures under 1.5% Oz and 0.03% COs is 
largely attributable to the circumstance that the solubility of COz in the liquid 
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Net rate of light saturated COz> uptake, 
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Figure 61. Light-saturated photosynthetic rates of Mimulus lewis Logan (clone 7635-2) 
and M. cardinalis Jacksonville (clone 7211-4) as a function of temperature when measured 
in 1.5% and 21.0% Os. 

Plants previously grown at a constant temperature of 20°; light intensity, 53,000 erg 
Chas secee;, CO, concentration, 320 ppm; OF, 2107. 


phase decreases with increasing temperature. Similarly, the increased inhibition 
by 21% Oz with increased temperature may be related to the effect of tempera- 
ture on the solubility of CO: (see page 127). At the higher CO: concentration 
of 0.07% the linear relationship between the logarithm of the photosynthetic 
rate and the increase of absolute temperature is obtained up to at least 27° C. 
An example of such an Arrhenius plot is shown in figure 62. The energies of 
activation calculated from the Arrhenius plots yielded values of approximately 
16-19 Keal mol, equivalent to a Oio value between 2.5 and 3.3. These values 
are comparatively high for biological reactions. 

We have obtained very similar high values for CO: fixation im vitro with 
partially purified preparations of RuDP carboxylase from Mimulus and Mar- 
chantia. Vhe close agreement between the activation energies for photosynthesis 
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Figure 62. Arrhenius plots of the effect of temperature on the rates of photosynthetic O, 
evolution and CO, uptake in a leaf of Mimulus verbenaceus (clone 7637-2). 

The CO, concentration was held at 700 ppm and O, at 0.160% (1600 ppm). Saturating 
white light of 2.5 10° erg cm sec! intensity (400-700 nm) was used. 
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and the carboxylation reaction im vitro might, of course, be coincidental. On 
the other hand, it could reflect a causal relationship. A close agreement between 
the two processes would be expected if the activation energies for the RuDP 
carboxylase-catalyzed reaction 1m vitro is approximately the same as in vivo, 
and if the carboxylation reaction is a major limiting step in light-saturated 
photosynthesis at low temperatures. 

No marked differences in activation energy for light-saturated photosynthesis 
were found between the Logan and the Jacksonville clones when both were 
previously grown at 20° C and at a light intensity of 53,000 erg cm™~ sec * 
(400-700 nm). The main difference between the two clones is that Logan 
exhibits a higher rate of photosynthesis than Jacksonville at all temperatures in 
the range 5 to 30° C, as shown in figure 61. Another difference is that in 
Logan the photosynthetic rate declines at temperatures above 25°, whereas in 
Jacksonville such a decline is not apparent until the temperature considerably 
excess 20 Cz 

A question of great importance is the extent to which the photosynthetic 
characteristics of a given genotype are affected by the temperature under which 
the plant is grown. This question has been investigated by Mooney and West 
(1964) and Mooney and Shropshire (1967) with several higher plant species 
including Encelia californica and Polygonium bistortoides, and in our labora- 
tory with the liverwort Marchantia polymorpha (Bjorkman and Gauhl, 1968). 

Mooney and co-workers found that both short-term (less than 24 hours) and 
long-term (three weeks or more) acclimation to cold and warm temperatures 
markedly affected both the rate and the optimum temperature of photosyn- 
thesis in normal air. Plants acclimated to cold were more efficient, in terms 
of percentage of maximum photosynthesis, at low temperatures, whereas plants 
acclimated to warm temperatures were more efficient at higher temperatures. 

In Marchantia the rate of photosynthesis in normal air expressed on the basis 
of dry weight of the thallus tissue was higher at all temperatures when the 
plant had been grown at 30° or 20° than when grown at ro’. Slightly higher 
temperatures were required to reach maximum rates of photosynthesis when 
the clone was grown at 30° than when it was grown at 10° or 20° C. The 
dependence of photosynthesis on temperature was much greater when rates 
were measured under 2% Os, than under 21.0% Os, but the differences in rate 
and temperature dependence among clones grown at different temperatures 
during growth were essentially the same at 2% and 21%. The Arrhenius energy 
of activation in the range 5° to 15° C was unaffected by the temperatures under 
which a given clone was grown. The main effect of temperature during growth 
on subsequent photosynthetic performance was that higher temperatures were 
required for maximum photosynthetic rate when the temperature during growth 
was high. Expressed on the basis of protein, the photosynthetic rate at all 
temperatures was highest when the clone was grown at 30 and lowest when 
grown at 10°. Apparently, the Marchantia clone used in this study lacks the 
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ability to increase its photosynthetic rate at higher temperatures when it has 
been subjected to low temperatures during growth. 

Similar experiments were conducted on the Jacksonville clone of Mimulus 
cardinalis, the results of which are shown in figure 63. The dependence of the 
light-saturated rate of COz uptake on temperature was determined on intact, 
single, attached leaves of the clone 7211-4 at 10, 20, and 30 C. The rate of 
photosynthesis at 15° as measured under 1.57% Oz was little affected by the 
temperatures under which the clone member was grown. ‘To facilitate direct 
comparisons of the temperature curves shown in figure 63, the light-saturated 
photosynthetic rate for each leaf at 15° C and under 1.5% Oz: is plotted as 
equal to unity. 
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Figure 63. Effect of temperature during growth on subsequent temperature dependence 
of light-saturated photosynthetic rates under 1.5% and 21.0% O, in Mimulus cardinalts 
Jacksonville, clone 7211-4. 

Measurements were made with a CO, concentration of 300 ppm. Saturating light of 
3.4 X 10° erg cm sec intensity (400-700 nm) was used. 


The temperature dependence of photosynthesis under 1.5% and 21% Oz is 
very similar for leaves that were grown at 10° and 20° C, even though there is 
a slight shift of the optimum toward lower temperatures when the plant was 
grown at 10° as compared with 20°. When the temperature during growth is 
increased to 30, a more pronounced change in the shape of the temperature 
curve takes place, with considerably higher rates of photosynthesis at the higher 
temperatures than when grown at 10 or 20° C. This effect is present when 
measured under 1.5% and under 21.0% Oz, but it is more evident at the lower 
Oz concentration. This indicates strongly that the modification in temperature 
dependence is not caused primarily by changes in the rate of the processes 
underlying the inhibiting effect of Oz on photosynthesis (i.¢., “photorespira- 
tion”). The activation energy for photosynthesis in the range 5-10 C is 
nevertheless not significantly affected by the temperature under which the clone 
was grown. 
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Determinations of RuDP carboxylase activity and of the content of soluble 
protein and chlorophyll in the leaves were made on the Logan and Jacksonville 
clones grown at 10, 20, and 30° C. All analyses were made during the period 
in which both clones were in active growth at the three temperatures. The 
results of this study are summarized in table 41. 

In both clones the soluble protein content of the leaves was higher at 10° 
than at 20° or 30° C. This accumulation of soluble protein in Mimulus is 
particularly great in the Jacksonville clone. Steemann-Nielsen and Jérgensen 
(1968) found that the soluble protein content in the diatom Skeletonema 
costatum, a species occurring in cool Danish waters, was far greater when 
cultured at 7° than at 20° C, and that the photosynthetic rate was essentially 


TABLE 41 


EFFECT OF TEMPERATURE DuRING GROWTH ON LEVELS OF RUDP CARBOXYLASE 
CHLOROPHYLL AND SOLUBLE PROTEIN ON Mimulus CLONES 


Mimulus lewisii Logan, 7635-2 M. cardinalis Jacksonville, 7211-4 


lO” © BY? CGC . BO” © lO” € BO? E 30" © 
RuDP carboxylase activity,* 
umol COrz (g fresh wt.) > min” 10.6 10.0 3.62 DP 79 6.5 
Chlorophyll content, a ++ b 
mg (g fresh wt.) * 1.62 1S 0.78 wil 1.25 1.00 
Soluble protein, 
mg (g fresh wt.) * 26.2 20.0 13.9 39.9 15.9 16.3 


* Assay conditions: 0.05 M Na H COs; 10% M ribulose 1,5-diphosphate; pH 8.0, 30° C. 
+ Protein was determined by the Folin-Lowry method. 


the same at all light intensities when measured at these two temperatures. 
These results suggested to them the attractive hypothesis that at lower tempera- 
tures the diatom produces more photosynthetic enzymes, which compensate 
for the reduction in light-saturated photosynthetic rate that would otherwise 
be expected at the lower temperature. In Mimulus, however, the RuDP car- 
boxylase content of the leaves was found not to increase at the lower tempera- 
tures as did the soluble protein content, as shown in table 41. There appears, 
therefore, to be no satisfactory explanation for the observed increase in total 
soluble protein content at low temperatures. 

In the Logan clone growth at 30° results in a very much reduced RuDP 
carboxylase activity. Similarly, the chlorophyll content of its leaves was much 
lower at 30° than at 10° or 20, whereas in the Jacksonville clone the corre- 
sponding values were essentially the same at the three different temperatures. 
These results provide evidence of a breakdown of the photosynthetic apparatus 
in the Logan clone at 30°, but there is no evidence of any detrimental effects 
of high temperature on the Jacksonville clone. These data therefore suggest 
that Mimulus races from warm environments are capable of high rates of 
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photosynthesis and growth at temperatures that cause a breakdown of the 
photosynthetic apparatus in races from cold habitats. We do not know whether 
the detrimental effects of high temperature on the Logan clone are primarily 
due to an intrinsically low degree of temperature stability of its photosynthetic 
apparatus, or whether processes responsible for the continuous synthesis of its 
components, such as photosynthetic pigments and enzymes, are adversely 
affected by high temperature, so that the rate of their synthesis does not keep up 
with the rate of their breakdown. 


PISIOTOSON sls iC PIII ORIMUAIN(Cl, OQ)R IPAUREIN TAL, ANID) 
HYBRID COMBINATIONS 


Of particular interest are comparisons between the photosynthetic perform- 
ance of hybrids of contrasting species and ecological races of Mimulus and that 
of their parents. Through such comparisons information may be gained 
regarding the inheritance of differences in performance between races. It is 
furthermore of interest to determine whether or not hybrid vigor between 
contrasting races, as expressed in different environments, can be related to 
photosynthetic capacity. 

Hysrips BETWEEN M. Lewistr AND M. carpiNaLis. Figure 64 shows curves of 
light-saturated apparent photosynthetic rates of clone 7405-4, M. lewis from 
Timberline (above), and 6546-5, M. cardinalis from Los ‘Trancos (below), for 
propagules of each clone grown under strong and weak light. The measure- 
ments were made at 20.0 C, using light of wavelengths between 600 and 700 
nm. The most striking feature of the curves is the higher light-saturated rate 
for M. cardinalis as compared with M. lewism. Another is the difference in the 
degree to which the photosynthetic rates of the two clones are influenced by 
their previous growth under the two light intensities. When grown under weak 
light, the light-saturated photosynthetic rate of the Los Trancos clone was 
reduced to approximately 50% of that of the propagule grown under strong 
light, whereas in the Timberline clone the corresponding reduction was only 
about 21%. 

In these measurements the propagules of both clones were grown under 
identical conditions in controlled growth cabinets. The day temperature was 
maintained at 22° and the night temperature at 15° C, with a 12-hour photo- 
period. Both clones have the capacity to grow under a wide range of light 
intensities when subjected to the relatively cool temperatures (20-22° C days 
and 15-17 nights) that are compatible with comparably vigorous growth for 
both of these altitudinally contrasting plants (see also the discussion on pages 
102-105). 

The light-saturated photosynthetic rates of both reciprocal F: hybrids of 
these clones, grown under the same conditions, were intermediate between 
those of the parents. Moreover, three F2 individuals having diverse morpho- 
logical characters inherited as recombinations from the contrasting parents were 
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Figure 64. Above: Photosynthetic rates of Mimulus lewisu Timberline, clone 7405-4, 
as a function of light intensity when previously grown under strong light (100,000 erg 
cm sec-!) and under weak light (25,000 erg cm~ sec). 

Below: Photosynthetic rates of M. cardinalis Los Trancos, clone 6546-5, previously grown 
under the same conditions as above. 

All measurements made at 20° with light of 600-700 nm wavelength; CO, concentration, 
300 ppm; Oz, 21.0%. 
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also intermediate in their light-saturated photosynthetic rates. Figure 65 shows 
light saturation curves of the parents, Fi hybrids, and the two most contrasting 
F2 plants, all previously grown under the same high light intensity. The light- 
saturated photosynthetic rates for the F2 plants are shown in figure 65 only 
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Figure 65. Photosynthetic rates as a function of light intensity for Mimulus cardinalis 
Los Trancos, clone 6546-5, M. lewistt Timberline, clone 7405-5, and their reciprocal F, 
hybrids. 

Prior to measurement all plants were grown under identical controlled conditions with 
temperatures of 20°-22° during days and 15°-17° during nights with a 12-hour photo- 
period under a light intensity of 100,000 erg cm~* sect. All measurements made with light 
of 600-700 nm wavelength; CO, concentration, 300 ppm; O,, 21.0%. 


as points and include clone 7135-35, having a preponderance of cardinalis-like 
characters, and clone 7111-16, having mostly /ewzsi-like characters. These two 
F; individuals are among the most highly contrasting with respect to morpho- 
logical characters. The light-saturation curves of these divergent F2 plants are 
remarkably similar to the light-saturation curves of the reciprocal Fi’s. The 
curves are clearly intermediate between the widely differing parental races— 
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a correspondence which suggests that the differences in photosynthetic charac- 


teristics between the parental clones are governed by complex multiple-gene 
systems. 


The relative efficiency with which the M. cardinalis and M. lewisu parents 
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Figure 66. Efficiency of light utilization in photosynthesis of Mimulus cardinalis Los 
Trancos, clone 6546-5, M. /ewisu Timberline, clone 7405-4, and their F, hybrid, clone 
6546-3, previously grown under strong and under weak light. 

Einsteins of light absorbed per mole of CO, absorbed are plotted as a function of 
incident light intensity. These values were computed from photosynthetic percentage of 
incident light absorbed by the same leaves with an Ulbricht sphere. Black symbols 


indicate clones grown under high light intensity; open symbols, clones grown under 
low light. 


and their F: hybrids utilize incident light of wavelengths between 600 and 
700 nm for fixing CO, at intensities ranging from darkness to 250,000 erg cm ~* 
sec ' is shown in figure 66. The number of nano-moles of CO: fixed per square 
centimenter of leaf surface per second is plotted as a function of the number 
of nano-einsteins of light energy absorbed per square centimeter per second. 
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Values for propagules previously grown both under strong light and under 
weak light are shown. From the curves in figure 65 it is evident that clone 
6540-5, M. cardinalis Los ‘Trancos, when previously grown under strong light, 
is much more efficient in utilizing the available incident light energy for photo- 
synthesis under conditions of strong illumination than is the clone of M. lewisu 
7405-4, from ‘Timberline, previously grown under identical conditions. The F: 
hybrid, although intermediate between the parents, is closer to M. cardinalis 
than to M. lewisi in light-utilizing efficiency. 

When the two parental races and the F: are all grown under weak light 
prior to measurement, their differences in efficiency of light utilization are 
greatly diminished although their relative order of efficiency remains the same. 
At very low intensities of incident light, i.e., the range within which the photo- 
synthetic rates are linearly proportional to light intensity, the differences in 
light-utilizing efficiency between all of the clones grown either under strong 
or under weak light disappear entirely. 

Anatomical studies of cross-sections of leaves of the parental M. cardinalis 
and M. lewisi clones and their F: hybrids grown under the same conditions 
under which the photosynthetic rates were measured reveal characteristic dif- 
ferences, as shown in figure 67. In both the parental and F: hybrid clones, 
leaf thickness is less under weak light than under strong light. The chloroplasts 
tend to be larger and more densely distributed in the palisade and spongy 
parenchyma cells in leaves grown under weak light. In either strong or weak 
light, M. lewisu and M. cardinalis leaves are of approximately the same thick- 
ness, in contrast with the F; hybrid, which is thinner-leaved than either parent. 

The chloroplasts of Mimulus cardinalis Los ‘Trancos leaves are considerably 
smaller in diameter and fewer in number in the palisade cells of leaves grown 
in strong light than those of leaves developed under weak light, as illustrated 
in figure 67. Mimulus lewis shows a somewhat parallel but much less pro- 
nounced modification in chloroplast size, and the F: hybrid is clearly inter- 
mediate in this respect. The chlorophyll content of the leaves from the Los 
Trancos clone is considerably higher than in the M. lewisii parent whether 
expressed on the basis of leaf area or of fresh weight, while corresponding 
values of the reciprocal F: hybrids are intermediate, as shown in table 42. The 
cardinalis-like F2 plant 7135-35 matches the M. cardinalis parent in chlorophyll 
content, whereas the /ewzsi-like F2 plant 7111-16 was intermediate, like the F1’s. 

A comparison of the photosynthetic rates of the parental and F, hybrid clones 
as a function of temperature over the range 5 -38° C is shown in figure 68. 
These measurements were made with light in the wavelength region between 
600 and 700 nm with a constant intensity of 175,000 erg cm sec‘, which is 
essentially saturating for these clones (cf. figure 65). 

As is evident by the shapes of the curves in figure 68, the apparent photo- 
synthetic rate of the M. cardinalis parent is influenced by differences in tem- 
perature to a greater degree than is that of the M. Jewism parent. In this respect 
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the Fi hybrid again is intermediate between the parents. The remarkable 
flatness of the curve for the Timberline parent is, on first consideration, sur- 
prising, in view of the highly distinctive subalpine environment to which it is 
native. However, since photosynthetic rates show much greater temperature 
dependence when measured under low Oz concentrations of 1%-2% than 
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Figure 67. Cross sections of leaves of clones of Mimulus lewisit Timberline, M. cardi- 
nalis Los Trancos, and their F, hybrid grown under low light intensity (25,000 erg cm? 
sec!) as compared with high light intensity (100,000 erg cm~* sect). Cross-hatched 
areas indicate intercellular spaces. See also figures 64, 65, and 66 for photosynthetic data 
from the same clones grown under the same conditions. 


under 21.0% Oz (as described on pages 155-157 for M. lewisit Logan and M. 
cardinals Jacksonville), the curves shown in figure 68 obviously reveal only one 
aspect of the photosynthetic picture. It seems evident that the clone 7405-4, 
M. lewisii Vimberline, possesses compensating mechanisms for minimizing the 
effects of varying ambient temperatures on the rate of photosynthetic uptake 
of COz. What these mechanisms are is unknown. 
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The observed photosynthetic characteristics of M. cardinalis Los Vrancos, M. 
lewisu Timberline, and their Fi and F2 hybrids could not have been predicted. 
Some findings are contrary to our earlier speculations, formulated on the basis 
of growth responses at the altitudinal transplant stations. For example, on the 
basis of the marked vigor and extended seasonal activity of the Fi hybrid at 
the transplant stations (cf. figure 22), one might anticipate that the F: hybrid 
might have a higher light-saturated photosynthetic rate than either parent, and 
perhaps a greater range of temperature tolerance. Neither of these expectations 
is supported by the measurements. 

The light-saturated photosynthetic rates of Mimulus lewisu Logan (clone 
7635-2), M. cardinalis Jacksonville (clone 7211-4), and their Fi hybrid (clone 


7718-4) when measured as a function of temperature under normal air and 
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Chlorophyll 


Light-Saturated Ratio, p Rate @bntenueh Leaves 


Photosynthetic of Leaves Grown 
Rate, umol COz under High/Low mg/dm>  ~—mg/g Fresh 


Clone dm~* min™ Light Intensity of Surface Weight 
M. cardinalis Los Trancos, 6546-5 14.71 1.8 5.07 1.60 
M. lewisit Timberline, 7405-4 9.95 1.4 3.40 0.90 
M. cardinalis K lewisu, F1, 6546-3 10.00 1s) At) Atl 
M. lewisu X cardinals, F1, 6547-1 11.42 1.5 4.00 1.42 
M. cardinalis & lewisi, Fo, 7135-35, 253 1e9 4.94 1.62 
(cardinalis-like) 
M. cardinalis X lewisn, F2, 7116-16, 11.88 1.8 3893 1.05 


(lewisi-like) 


* All plants previously grown under a light intensity of 100,000 erg cm™ sec* on a 12-hour pho- 
toperiod. Photosynthetic measurements made under a CO: concentration of 300 ppm, Oz at 21.0%. 


under an oxygen concentration of 1.5% are shown in figure 69. From these 
measurements it is evident that the maximum light-saturated rate of the Fi 
hybrid is greater than that of either parent, when measured in 1.5% Oz, but 
not when measured under 21.07% O». Moreover, above 25° C, the temperature 
at which maximum photosynthesis occurs in the Logan clone of M. lewisi, 
the rate for this plant drops, as contrasted with the Jacksonville clone of M. 
cardinalis whose maximum rate levels off in the same temperature range. In 
the F: hybrid the maximum rate is attained at approximately 30° C. It is 
evident that measurements of rates of COz uptake made only under air with 
an oxygen concentration of 21.0% reveal only part of the story regarding the 
intrinsic photosynthetic capacities of parents and hybrids. 

That clones of M. Jewisi originating from different habitats differ in their 
light-saturated photosynthetic rate when grown and measured under identical 
conditions in air has been demonstrated on races from Logan Pass (clone 
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7635-2), Tamarack Flat (clone 7399-3), and ‘Timberline (clones 7405-4, 7423-3). 
In these comparisons the rates for both Timberline clones were found to be 
approximately 33% lower than for Logan, Tamarack being intermediate. 
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Figure 68. Apparent photosynthetic CO, uptake and dark CO, evolution rates of 
Mimulus lewisu Timberline, clone 7405-4, M. cardinalis Los Trancos, clone 6546-5, and 
their F, hybrid as a function of temperature. 

All measurements were made on propagules previously grown under a high light 
intensity (100,000 erg cm sec? ) with a 12-hour photoperiod. Rates of photosynthesis 
shown above were measured under a constant incident light intensity of 175,000 erg cm * 
sec! (600-700 nm). 


AMPHIPLOID BETWEEN M. NELSON AND M. Lewisir. The derivation of a stable, 
fertile amphiploid from a tetraploid sector of a sterile Fi hybrid between the 
clone 7422-12, M. nelsonit, originally from Mexico, and 7405-4, M. lewis from 
Timberline, as described on pages 23-24, provided an opportunity to compare 
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the photosynthetic characteristics of the parents, the sterile diploid Fi hybrid, 
the fertile autotetraploid derived from it, and the fertile, nonsegregating F» 
tetraploid progeny. In this instance we are dealing with the interaction of the 
same sets of two distinct genomes combined on both the diploid and tetraploid 
levels. 

Light saturation curves for both parental clones and the amphiploid, all 
previously grown under the high light intensity of 100,000 ergs cm™~ sec‘, are 
shown in the lower part of figure 70. The comparable light-saturated values of 
the Fi hybrid on both the diploid and tetraploid levels are also indicated as 
points in this same figure. Similar data for the same clones previously grown 
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Figure 69. Temperature dependence of light-saturated photosynthetic rate of Mimulus 
lewis Logan, M. cardinalis Jacksonville, and their F, hybrid when measured under an 
O, concentration of 1.5% and 21.0%. Light intensity held constant at 340,000 erg cm” 
sec ' (400-700 nm); CO, concentration, 280-320 ppm. 

The plants were previously grown at 20° under a light intensity of 53,000 erg cm? sec! 
on a 16-hour photoperiod with normal air concentration of O, and CO,. In the above 
graphs the photosynthetic rate under 1.5% O, at 15° for each leaf has been set as equal 
to unity to facilitate comparison. See also figure 65. 


under the low intensity of 15,000 ergs em” sec ' are plotted in the upper part of 
the same figure. 

At very low incident light intensities ranging from almost darkness to 
approximately 25,000 erg cm ~~” sec ‘ all the clones under the two contrasting 
light intensities have essentially identical curves for photosynthetic rates. As 
light-saturating intensities are approached, the curves of the clones grown under 
the high and the low light intensities diverge and show differences both in the 
light intensity required for saturation and in the maximum light-saturated 
photosynthetic rates attained. The M. lewisii clone 7405-4 saturates at a lower 
light intensity than either M. nelsoni or the F2 amphiploid derivative. The 
amphiploid has a significantly higher light-saturated rate than either parent 
irrespective of whether it was previously grown under high or low light. ‘The 
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Figure 70. Apparent photosynthetic rates as a function of light intensity for Mizmulus 
lewisu ‘Vimberline, clone 7405-4, M. nelsonit El Salto, clone 7422-12, and their tetraploid 
F, amphiploid derivative, clone 7606-8, previously grown under high (elow) and under 
low (above) light intensities on a 16-hour photoperiod. The corresponding light-saturated 
photosynthetic rates of the F, hybrid on both the diploid and tetraploid levels are shown 
as points. 

All measurements made at 20° with light of wavelengths between 600 and 7oo nm; CO, 
concentration was 300 ppm, and O, was 21.0%. 
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F, progenitor, whether on the diploid or tetraploid level, is intermediate between 
the parents. 

Of greater interest than the light-saturated photosynthetic rates when mea- 
sured at a given temperature are comparisons between rates of CO2 assimilation 
at different temperatures. The curves in figure 71 show the photosynthetic 
rates of the parental clones, the F: on both the diploid and tetraploid levels, 
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Figure 71. Temperature dependence of apparent photosynthesis and dark CO, evolu- 
tion of Mimulus nelsoni E| Salto (P,), M. lewisit Timberline (P,), their F, hybrids on 
the diploid (27) and tetraploid (47) levels, and of the F, amphiploid derivative (47). 

All plants were previously grown under a light intensity of 100,000 erg cm~ sect on 
a 16-hour photoperiod with day temperatures of 20-22°C and nights of 15-17°C. The 
photosynthetic measurements were made under a constant light intensity of 175,000 erg 
cm sect (600-700 nm); average CO, concentration, 300 ppm; O,, 21.0%. 


and the F2 amphiploid 7606-8 as a function of temperature. ‘These curves were 
all determined on propagules of clones previously grown under a light intensity 
of 100,000 ergs cm” sec * with a 16-hour photoperiod at a day temperature of 
22° C and nights at 15° C. The measurements on photosynthetic rates were 
made at a constant and essentially light-saturating intensity of 175,000 ergs 
cm sec’. The rates of CO: evolution in darkness shown at the bottom of 


174 ERYTHRANTHE SECTION OF MIMULUS 


the figure were made on the same leaves on which photosynthetic rates were 
determined. 

As shown in figure 71, the remarkable flatness of the temperature curve for 
7405-4, the parental M. lewis from ‘Timberline, is matched by the other parent, 
7422-12, M. nelsoni El Salto. The photosynthetic rate of M. nelsoni measured 
under the same conditions was slightly but consistently higher than that of the 
Timberline M. /ewisii parent throughout the temperature range. 

In striking contrast with the parents, the Fi hybrid on both the diploid and 
tetraploid levels and the amphiploid were found to be highly sensitive to tem- 
perature changes. In the range between 10° and 25° C the hybrids have a 
considerably higher photosynthetic rate than either parent, the tetraploid being 
higher than the diploid derivative of the same individual Fi hybrid, and the 
amphiploid, in turn, having a rate significantly higher than the tetraploid Fi. 
In the 30-33" C range the apparent photosynthetic rates of all these hybrid 
derivatives drop sharply, and cross below the curves of the two parental species. 
Interestingly enough, the rates of dark COz evolution of the hybrid derivatives 
likewise seem to be more responsive to temperature than are the parental species 
previously grown under identical conditions. 

That Mimulus nelsoni from the highlands of Mexico and M. lewisi from 
the high Sierra Nevada of California have essentially the same photosynthetic 
response with respect to temperature indicates that the inability of M. nelsoni 
to survive at the Timberline transplant station as compared with the success 
of M. lewisii is not due to differences in their photosynthetic efficiency at 
different temperatures. 

In the F: hybrid evidently a shift in genic balance results in the expression 
of physiological differences that are of importance in controlling light-saturated 
photosynthetic rates at different temperatures. Doubling the chromosome 
number in the Fi hybrid appears to increase this effect, and in the stabilized 
F, amphiploid this effect is further enhanced. There also seems to be a corre- 
lation between the higher photosynthetic rates observed in the hybrid deriva- 
tives and in the rates of dark COs: evolution (figure 71). 

The amphiploid derivatives grown as a population thrive with considerable 
vigor in the Stanford garden. The F2 and Fs generations that have been 
tested in this environment far exceed in vigor the nonsurviving M. lewisi 
parent. The M. nelsoni parent, although a successful survivor at Stanford, 
does not equal the amphiploid in vigor of growth in this environment. Tests 
on the F; and F, amphiploid progeny at the Timberline transplant station in 
comparison with the parents reveal that the F: hybrids on both the diploid and 
tetraploid levels are at least as successful as the M. lewis parent at Timberline, 
and that Fs amphiploid progeny appear to have even greater vigor. At Mather, 
where neither M. nelsonii nor M. lewisii succeeds, the Fi hybrids and the 
amphiploid are reasonably successful survivors. 

The evolutionary importance of amphiploidy for the synthesis of new species 
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of higher plants is well established, a subject dealt with in an earlier volume 
of this series (Clausen, Keck, and Hiesey, 1945). The physiological basis for 
the marked success of some amphiploid species in occupying new environmental 
niches has been assumed to be due to complementation of gene-controlled 
physiological capacities contributed by the parental species. The data presented 
above appear to support this hypothesis, and suggest that through such inter- 
specific recombination physiological traits not expressed in either parent may 
be realized. Doubling the chromosome complement without change in com- 
position of the genomes appears to cause a shift in physiological balance. 
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Although at the present writing relatively few comparative studies have been 
made on the photosynthetic performance of contrasting ecological races of the 
same or related species under reproducible controlled laboratory conditions, 
evidence already available demonstrates that different species-groups have 
evolved strikingly different kinds of heredity-controlled mechanisms regulating 
photosynthetic performance. A review of investigations bearing on this question 
seems to be appropriate. 

Comparative studies in this laboratory of photosynthetic characteristics of 
ecological species and races of other genera than Mimulus have been made on 
Solidago, Solanum, and Atriplex. We will consider first the investigations on 
members of these three genera in relation to those in Mizmulus. 


EcOTYPIC DIFFERENTIATION IN THE SOLIDAGO VIRGAUREA COMPLEX. In his classic 
studies on ecotypes, Turesson (1922, 1926) featured, among other species, eco- 
logical races of the geographically widespread species Solidago virgaurea, which 
occupies many kinds of contrasting habitats throughout Eurasia. Later Bjork- 
man, Florell, and Holmgren (1960) compared the photosynthetic rates of 
contrasting ecological races of this species at different temperatures. Swedish 
alpine forms were found to have optimal photosynthetic rates at lower tem- 
peratures than lowland populations. Races from higher elevations were also 
found to have higher respiratory rates than those from low elevations (Bjork- 
man and Holmgren, 1961). 

Later studies (Bjorkman and Holmgren, 1963; Bjorkman, 1968a; Holmgren, 
1968) were concentrated on detailed investigations of races from shaded as 
contrasted with sunny habitats. On the basis of many controlled growth experi- 
ments, quantitative measurements of photosynthetic rates and quantum yields, 
anatomical studies on leaves, and biochemical investigations, a picture revealing 
important differences in the capacity of different photosynthetic steps between 
such races has been realized. 

Races from sunny habitats such as an open meadow (Ronneberga, in south 
Sweden) and exposed alpine tundra (Beskades in northern Norway) thrive 
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under the same high light intensities that cause severe light damage in races 
from deeply shaded habitats such as the floors of a dense beech forest (Norreskov 
in Denmark) or oak forest (Hallands Vadero, an island on the southwest 
coast of Sweden). Conversely, the sun races fail to grow at the same low light 
intensity that results in good growth in the shade races. 

Growing the sun races under high light intensities results in much higher 
light-saturated rates of photosynthesis, and higher activities of RuDP carbox- 
ylase than when the same clones are grown under low light intensities. These 
responses are very similar to those found for Mimulus (pages 112-121). In sun 
races of Solidago growth under high light intensities also resulted in a lower 
resistance to gas diffusion than did growth under low light intensities. Thus 
sun races have the ability to adjust to the efficient use of high light intensities 
for photosynthesis. 

Shade races of Solidago were found to lack this ability. Growing the shade 
clones under high light intensity as compared with low light intensity did not 
result in a higher light-saturated photosynthetic rate. Also, the activity of 
RuDP carboxylase and the resistance to gas diffusion did not increase with 
increasing light intensity during growth in the shade clones. In addition, grow- 
ing the shade clones under high intensities resulted in reduced quantum 
yield for photosynthesis. This is probably caused by an inhibition of primary 
reaction centers of photosynthesis, and there is some evidence that photosystem 
II is more affected than photosystem I. Secondary detrimental effects of high 
light intensity include chlorophyll bleaching and disturbances in chloroplast 
structure. 

Clones of coastal Mimulus cardinalis Los Yrancos (6546-5) as well as of 
subalpine M. lewis ‘Vimberline (7405-4) grown in controlled cabinets under 
the same high light intensity (120,000 erg cm™ sec *) that proved to be highly 
detrimental to the shade forms of Solidago both thrive under this intensity as 
well as under a low light intensity (25,000 erg cm™ sec~) that is highly 
favorable for the growth of the shade races but too low for survival of the sun 
races of Solidago. Under such contrasting light intensities, both races of 
Mimulus have lower light-saturated photosynthetic rates when grown under a 
low intensity than under a high intensity. In this respect the Mimulus races 
resemble the sun races of Solidago when grown under different light intensities 
of narrower range. 

Mimulus and Solidago races therefore share a number of photosynthetic 
characteristics, but Mimulus differs in having ecological races with a wider 
range of tolerance to light intensity than the highly specialized shade and sun 
forms of Solidago studied by Bjorkman and Holmgren. 

Altitudinal races of Mimulus differ from each other in their capacity to sur- 
vive at extremes of temperature, as described on pages 148 to 150 for the alpine 
M. lewisu from Logan Pass in comparison with the Sierran foothill race of 
M. cardinalis from Jacksonville. Whether or not similar differences in tolerance 


PHYSIOLOGICAL STUDIES ON ECOLOGICAL RACES AND SPECIES OW 7/ 


to temperature extremes exist among ecologic races of the Solidago virgaurea 
complex is a question that has not yet been adequately explored. 


PHOTOSYNTHETIC DIFFERENTIATION IN SoLaNuM. Recent studies by Gauhl 
(1967, 1968, 1969) on clones of ecological races of the widely distributed species 
Solanum dulcamara L. of central Europe and Asia reveal the occurrence of sun 
and shade races that appear to be almost as markedly different in tolerance as 
the Solidago races just mentioned. 

A race native to a densely shaded Fragmites marsh near Monchbruch, 
Germany, grown under a high (111,000 erg cm” sec ') and a low (24,000 erg 
cm~ sec *) light intensity showed clear symptoms of damage to the photo- 
synthetic mechanism under the high intensity, but thrived under the low. The 
damage under high light was evidenced by a lower quantum yield for photo- 
synthetic CO: fixation and reduced chlorophyll concentration of the leaves. 
Another race of Solanum dulcamara, originally from an open sand dune on 
Fehmarn Island off the Baltic coast of Germany, was capable of healthy growth 
and survival when grown under both the high light intensity and the low light 
intensity just mentioned and, in common with races of Mimulus and the sun 
forms of Solidago, had lower light-saturated photosynthetic rates and RuDP 
carboxylase activity than propagules of clones previously grown under the 
lower intensity. 

That not all forms of Solanum dulcamara from shaded habitats show photo- 
damage to the photosynthetic apparatus when grown under high light intensi- 
ties is apparent from the responses of another race originating from a shaded 
Alnus glutinosa swamp near Frankfurt-Schwanheim, Germany. When grown 
under a high light intensity the Frankfurt ecotype proved to be capable of 
sustaining a high light-saturated photosynthetic rate like the Fehmarn Island 
clone, and did not show the photodamage characteristic of the Monchbruch 
clone when grown under ample water supply. However, when grown under 
high light intensity and limited supply of water, the Frankfurt clone showed 
pronounced photodamage to the photosynthetic apparatus. Propagules of a 
clone of this same race grown under low light intensities thrived vigorously. 

All three of the above races of Solanum originated from habitats of adequate 
moisture supply. A fourth race, originally from a sunny dry gravel mound 
near Royinj, Yugoslavia, that normally grows actively during the dry summer 
season was also included in Gauhl’s studies. Cloned propagules of this race 
were subjected to water stress by growing them under full sunlight at Stanford 
with a limited daily water supply in comparison with adequately watered 
controls. Propagules of the marsh Frankfurt race treated the same way were 
used for the comparison. The light-saturated photosynthetic rate of the pro- 
pagules of the Frankfurt race grown under water stress dropped dramatically 
in comparison with the adequately watered propagules of the same clone. In 
contrast, the Rovinj race attained approximately the same light-saturated rates 


178 ERYTHRANTHE SECTION OF MIMULUS 


under both treatments. The growth rates and the light-saturated photosynthetic 
rates of the adequately watered propagules of the Frankfurt race were con- 
siderably higher than those of propagules of the Rovinj race grown under the 
same conditions, but under water stress the Rovinj far outperformed Frankfurt 
on both counts. 

The development of genetically differentiated races in Solanum with respect 
to photosynthetic capability under water stress is a feature not found among 
any of the races of Mimulus that we have studied, since all forms of the 
Erythranthe are highly dependent on an ample water supply for active growth. 


DIFFERENCES IN PATHWAYS OF PHOTOSYNTHETIC CO» FIXATION IN ATRIPLEX. 
The results obtained on Solidago, Solanum, and Mimulus reveal pronounced 
adaptive differentiation in photosynthetic characteristics between ecologic races 
of the same species. The available evidence indicates that this kind of differ- 
entiation is achieved through changes in the relative capacities of component 
steps of photosynthesis. There is no indication that in such races it is caused 
by major changes in photosynthetic pathways. It is now clear, however, that 
basic differences in the biochemical pathway of photosynthesis have evolved 
in many genera of other plants, as mentioned earlier in this chapter. 

Investigations by Burr (1962); Kortschak, Hartt, and Burr (1965); Hatch 
and Slack (1966); Hatch, Slack, and Johnson (1967); Slack and Hatch (1967); 
and Johnson and Hatch (1968) have shown that many species of both mono- 
and dicotyledons fix CO: by £-carboxylation of phospho(enol) pyruvate, leading 
to the formation of C.-dicarboxylic acids as the first products of CO: fixation 
rather than 3-phosphoglyceric acid, which is normally the case with other plants. 
The former is commonly referred to as 8-carboxylation photosynthesis, or the 
Cxdicarboxylic acid pathway. 

Shortly after the discovery of this pathway it was thought that it represented 
a major evolutionary divergence within the plant kingdom. Later contributions 
from several laboratories have shown that even within the same genus, as, for 
example, in Atriplex, Euphorbia, Panicum, and Cyperus, some species possess 
the B-carboxylation pathway, and others do not. Moreover, very recent work 
(Bjorkman, Gauhl, and Nobs, 1969) reveals that in Atriplex there is sufficient 
genetic compatibility between species with and without B-carboxylation photo- 
synthesis that hybrids between them can be obtained. The male parent in this 
cross, A. patula ssp. hastata Hall and Clem., lacks B-carboxylation photosyn- 
thesis, whereas the female parent, A. rosea L., possesses this pathway. Like 
many other species with B-carboxylation photosynthesis, A. rosea is mainly 
distributed in hot, semiarid regions of the world. Atriplex patula, on the other 
hand, occurs mainly in cooler moist areas. Occasionally the two species occur 
together, as in the San Francisco Bay area, where the two Atriplex species 
studied in this laboratory were collected. 

Species with B-carboxylation photosynthesis have photosynthetic character- 


PHYSIOLOGICAL STUDIES ON ECOLOGICAL RACES AND SPECIES 179 


istics profoundly different from those of plants lacking this pathway. The CO: 
compensation point for CO» exchange in air approaches zero, and the strong 
inhibiting effect of 21% oxygen in COs uptake is absent. Unusually high 
temperatures and light intensities are required for maximum _ photosynthetic 
rates even in normal air, and these rates are considerably higher than in plants 
lacking B-carboxylation photosynthesis. All of these and several other character- 
istics of species having B-carboxylation photosynthesis are present in A. rosea 
and absent in A. patula. 

The evolutionary and ecological significance of B-carboxylation photosynthesis 
is a subject of active current inquiry. On the basis of the results obtained with 
Atriplex patula and A. rosea it appears that the main effect of 8-carboxylation 
photosynthesis is to enable a plant to overcome the inhibiting effect of oxygen 
present in normal air on COz2 uptake. This hypothesis is supported by data 
showing that the marked differences in photosynthetic response to temperature 
and CO: concentration that are found in the two species in the presence of 
21% Oz are greatly diminished when the O2 concentration is reduced to a 
low value. 

The inhibiting effect of Oz increases strongly with decreasing CO» concen- 
tration and increasing temperature in Atriplex patula, Mimulus cardinalis 
(figure 52), and in the several other species not following the B-carboxylation 
pathway. This suggests that the absence of an inhibiting effect of Oz on photo- 
synthetic COz uptake might be particularly advantageous under conditions of 
high temperature and low COs: concentration. This may explain why /-car- 
boxylation photosynthesis appears to be closely associated with plants that 
occupy hot semiarid habitats. Frequent occurrence of water stress resulting in 
stomatal closure and consequently reduced internal CO: concentration would 
further accentuate the disadvantage of oxygen inhibition. In such habitats the 
selective advantage of B-carboxylation photosynthesis therefore appears to be 
obvious. 

It is possible that in order to gain the advantages associated with £-carboxyla- 
tion photosynthesis, plants must pay an intrinsically greater energy cost in 
terms of the number of moles of ATP required for each mole of COs fixed. 
This requirement would be expected not to be of major disadvantage in en- 
vironments characterized by high light intensities, but would be expected to 
impose an important restriction on photosynthetic efficiency under rate-limiting 
light intensities. 

It is hoped that current attempts to produce a segregating F2 population from 
crosses between Atriplex patula and A. rosea will provide material for eluci- 
dating the inheritance of 8-carboxylation photosynthesis and further information 
on the adaptive significance of this pathway. 


PHOTOSYNTHETIC DIFFERENTIATION IN ALGAE. Although our present concern is 
primarily with differences in photosynthetic capacity of higher plants in relation 
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to environment, mention should be made of particularly interesting instances 
of photosynthetic differentiation in algae. A high-temperature strain of the 
green alga Chlorella pyrenoidosa was isolated by Sorokin and Myers (1953) 
from local waters in the vicinity of Austin, Texas. This strain was used 
extensively in laboratory investigations of photosynthesis in comparison with 
standard strains such as those isolated by Emerson and Van Niel. The optimal 
growth temperature for the high-temperature strain, known as 17-11-05, is 
around 39° C, as compared with 25° for the standard strains, which are unable 
to grow at 39 C. The range of tolerance for active growth in the 17-11-05 
strain is between 15° and 42° C as compared with 5” to 28° for the “standard” 
strains (Sorokin and Kraus, 1958). The 17-11-05 strain also requires higher 
light intensities for saturation and is much more rapid in growth (Sorokin, 
1958, 1959). 

More recently Sorokin (1967) isolated another strain (1-90-30) having ap- 
proximately the same temperature and light responses as 17-11-05 but having 
larger cells and approximately a 10% faster growth rate. Such strain differences 
in photosynthetic and growth characteristics of Chlorella appear to be compa- 
rable to the kinds of differences between ecological races of higher plants found 
in Solidago, Mimulus, and Solanum. 

Studies on thermal algae occurring in hot springs in areas of volcanic activity 
underscore the extremely high temperatures required for the growth of these 
interesting blue-green forms. Investigations reported by Brock and Brock (1966) 
on the density of growth of such algae growing along temperature gradients 
in water channels originating from hot springs in Yellowstone National Park, 
Wyoming, and in the vicinity of Sisjothade in Iceland indicate that maximum 
growth occurs in the temperature range 51-56 C at Yellowstone and at about 
48° C in Iceland. The maximum temperatures at which algae were found to 
grow at Yellowstone are in the range 72-73" C, and in Iceland, approximately 
60° C. 

Measurements on photosynthetic activity of such algae made in sites in 
Yellowstone using a C™O. technique on cored samples collected along a 
thermal gradient indicate that the maximal photosynthetic rates of the samples 
occur at the same temperature at which a given sample was collected (Brock, 
1967a). Thus, although the density of algal growth at the upper temperature 
extremes of 72-73° C was low, the algae growing there apparently photosyn- 
thesize optimally at these temperatures, in contrast with samples collected in 
cooler waters, whose maxima were found to be the same as the temperature of 
the water in which they grow. Brock’s measurements were made under full 
sunlight on core samples immersed in the water channels along the temperature 
gradient. Photosynthetic rates were computed in terms of C'*O:s absorbed per 
unit time per total chlorophyll content of the cored samples. 

From these studies Brock concluded that (1) distinct strains of algae having 
different inherent temperature optima have evolved, and grow along such 
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thermal gradients; (2) that 72~73° C represents the upper temperature limit 
compatible with the survival of photosynthetic organisms (in contrast with bac- 
teria, which are found at go° C or even higher temperatures), and (3) that the 
blue-green algae of hot springs are of ancient evolutionary origin from which 
forms tolerant to cooler temperatures seem to have evolved. Another interesting 
conclusion, based on studies on relative growth rates, is that although the 
thermophiles grow faster at their optimal temperatures than mesophiles do 
at theirs, the increases in growth rate are considerably less than would be 
predicted on the basis of the Arrhenius equation (Brock, 19672). 

An interesting review by Castenholtz (1968) described experimental studies, 
made in his own and in other laboratories, on thermophilic blue-green algae 
in response to environment. This author points to the lack of critical informa- 
tion regarding the extent of genetic differentiation within and between species 
even in such widespread groups as Oscillatoria and Synechococcus. 

In marked contrast are cryophilic diatoms that occur in antarctic regions 
described by Bunt, Owens, and Hoch (1966). These workers found, for 
example, the species Fragilaria sublinearis to be capable of growing under very 
low light intensities under ice at —2° C, but unable to grow at temperatures 
above 10° C. Other cryophilic forms include the many species of snow algae. 
Experimental cultures of various species from the Pacific Northwest have been 
made by Stein and Brooks (1964) and Garric (1965), from the Rocky Moun- 
tains by Stein and Amundsen (1967), and from the Sierra Nevada of California 
by Dr. William H. Thomas * of the Scripps Institution of Oceanography at 
La Jolla. Most of these studies have been concerned with studies on identifi- 
cation, life histories, and culture techniques. The challenging question of how 
such cryophilic algae differ from mesophiles and thermophiles in physiological 
and biochemical functioning is one inviting future investigations. 

A recent report by Halldal (1969) describes the striking characteristics of 
the green alga Ostreobium reinecku Bornet collected from the brain coral 
Favia in the Great Barrier Reef off the east coast of Australia. This species 
grows within the living surface of the coral under extremely low light intensi- 
ties, where it is heavily shaded by a dense canopy of photosynthetic epizoic 
dinoflagellates growing above. Most of the light energy that penetrates and is 
available to the endozoic Ostreobium lies in the wavelength region between 
700 and 750 nm, although the action spectrum for photosynthesis of this species 
extends through the spectral range from 300 to approximately 750 nm. The 
actual light intensities reaching the algal surface are estimated to be in the 
range of 1 to ro lux. Incident light intensities as low as 2 erg cm™ sec * were 
found capable of inducing measurable photosynthetic activity. The action 
spectrum of photosynthesis for this alga differs from the spectra of other species 
of the green algal group primarily in being capable of absorbing and utilizing 
light of long wavelengths (700 to 750 nm) where other species are photo- 


1 Personal communication. 
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synthetically inactive. Halldal concluded that a new form of chlorophyll a 
occurs in Ostreobium with an absorption peak in the vicinity of 720 nm. 

Light saturation for photosynthesis of Ostreobium measured with 440 nm 
light was found to be 1rooo erg cm™ sec or less, in contrast with the 
epizoic dinoflagellates growing above that are exposed to high sunlight and 
require 95,000 erg cm ~ sec‘ intensity for saturation. These results reveal that 
major evolutionary changes in photosynthetic properties have taken place 
among green algae. With the exception of Sorokin’s work on Chlorella, how- 
ever, these studies have been made on organisms whose relationships are not 
well understood and may belong to widely diverse taxa. 


GENERAL CONCLUSIONS 


At this relatively early period in the comparative study of the photosynthetic 
characteristics of plants from contrasting environments, it is already clear that 
ecological races and closely related species differing in hereditary composition 
may differ strikingly in the functioning of basic steps of the photosynthetic 
process. In different plant groups such physiological differentiation may occur 
in various patterns. In the Solidago virgaurea complex genetically distinct races, 
highly specialized with respect to their tolerance to different intensities of light, 
have been demonstrated. It seems likely that further investigations in this 
geographically and ecologically widespread species will uncover other aspects 
of photosynthetic differentiation as well. To date only a few ecologic races 
have been studied critically under controlled laboratory conditions. 

In the Erythranthe section of Mimulus there appears to be a high degree of 
similarity in general photosynthetic characteristics. ‘The diverse ecological races 
of this group possess in common a wide range of tolerance to differences in 
light intensity, but they do differ in their capacity for photosynthesis at con- 
trasting temperatures. The divergent races appear to be quite highly buffered 
through compensating feedback mechanisms that make possible comparably 
vigorous growth of even contrasting races within mutually compatible ranges 
of temperature, light intensity, and COs and Os» concentrations. 

None of the forms of Mimulus that we have studied is tolerant of even mild 
water stresses. In the Solanum dulcamara complex, however, this ecological gap 
appears to have been bridged by the evolution of races whose photosynthetic 
functioning is not seriously affected by limited water supply. 

That such basic differences in the pathway of photosynthetic COz fixation as 
the Cs-dicarboxylic acid and the reductive pentose phosphate pathways have 
evolved in species as closely related as Atriplex patula and A. rosea is of 
particular significance in considering the possible limits of physiological dif- 
ferentiation in ecological races of the same species. Photosynthetically, A. rosea 
has features closely resembling such taxonomically unrelated plants as the 
panicoid grasses, Amaranthus, and members of the genus Ezphorbia, all char- 
acterized by high light-saturated photosynthetic rates, a requirement of high 
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light intensity for photosynthetic saturation, an ability to extract CO2 from 
ambient air to values approaching 0 ppm, and high temperature optima for 
photosynthesis. 

Atriplex patula, on the other hand, has photosynthetic characteristics in 
common with Mimulus, Solidago, Solanum, and most other species of cool- 
temperate regions, including grasses (Downes and Hesketh, 1968). The physio- 
logical divergence that has evolved in Atriplex therefore is a major one that is 
parallel, on the one hand, to genera and species of apparently mostly hot- 
tropical and subtropical distribution, and on the other to genera and species of 
cool-temperate regions. Thus the capability of biochemical changes in pathways 
of photosynthesis to evolve between species and within races of higher plants 
is clearly an important aspect in natural selection and plant evolution. 


IV 


GROWTH OF EXCISED TISSUES OF MIMULUS 
UNDER ASEPTIC CONDITIONS 


During the years 1962 through 1965 exploratory studies on culturing excised 
tissues and seedlings of Mimulus cardinalis, M. lewisii, and some of the other 
members of the Erythranthe section were undertaken. The objective was to 
explore the feasibility and potential value of such techniques for comparative 
physiological and biochemical studies on ecological races and species. 

This work was started in 1962 by Dr. Ruth Elliott’ and one of the present 
authors (Hiesey) and continued with the help of Kathe Picken* and Mr. 
Frank Nicholson through June, 1965. This effort demonstrated both the feasi- 
bility and potential value of excised tissues for comparative physiological and 
biochemical studies. It also became clear that further pursuit in depth of the 
possibilities afforded by this approach would require more time than was 
available to our small staff. The studies were therefore concluded at this point. 
We will summarize the salient results from these studies, which provide a 
starting point for further investigations. 


Mepra EMpLoyED. Three basic media whose compositions are listed in table 
43 were used. The three differ primarily in their concentration of inorganic 
salts. For convenience we will refer to them as low (L), medium (M) and 
high (H) salt media. Organic carbon in the form of three percent glucose 
was added to all cultures in routine experiments with Mimulus. Modifications 
in each of the three media through the addition of varying proportions and 
concentrations of the hormones indole acetic acid (IAA); naphthalene-acetic 
acid (NAA); 2, 4-dichlorophenoxy-acetic acid (2, 4.D); and 6-furforylamino- 
purine (kinetin) were tested with different kinds of excised parts of clones of 
Mimulus. 

The media were used in either solid form with agar added, or in liquid form 
without agar. Since the growth of cultures is characteristically slower in solid 
media, these were used mostly for the maintenance of stock cultures. Liquid 
media when kept in gentle motion on slowly rotating drums were found to 
promote faster growth, and were used in comparative growth experiments. 
Most of the cultures were grown in test tubes, but for larger amounts of 
material small Erlenmeyer flasks (300 cc) were used. ‘The cultures were usually 
maintained at 22-26° C and illuminated by diffuse laboratory daylight supple- 
mented with 8 hours of low-intensity (ca. 250-300 erg cm™ sec *) light from 
standard cool-white fluorescent lamps. 


PLANT MATERIALS AND ESTABLISHMENT OF CULTURES. Nine races of M. cardinalis 
and three of M. lewisii were included in these studies, in addition to one race 


1 Now with the Plant Diseases Division, Department of Scientific and Industrial Research, 
Auckland, New Zealand. 
2 Now Mrs. K. Standeven, Bakersfield, California. 
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each of M. verbenaceus and M. eastwoodiae. Some success was attained in grow- 
ing excised parts of all these species, but most of the work was concentrated 
on several clones of M. cardinalis originally from different altitudes (Jackson- 
ville, Priests Grade, and San Antonio Peak) and a single race of M. lewisi 
(Timberline). Different combinations of media were tried with different 
comparisons in various experiments. 

Initial cultures were established from (1) peeled internodes of young, actively 
growing plants, following a modification of the technique described by Blakely 
and Steward (1964); (2) stem apexes of greenhouse or cabinet-grown plants; 
and (3) excised pieces of seedlings, i.e., mostly leaves or terminal apexes that 


TANBILIS, 413) 


CoMPOSITIONS OF Basic MEDIA 


Elements L, Low M, Intermediate H, High 
and Sali Salt + Salt ¢ 
Supplements mg/1 mg/l mg/1 
Nitrogen 12.4 46.7 840.8 
Potassium 16.9 65.0 783.5 
Calcium 2d 50.9 119.9 
Magnesium Ds) 74.0 36.5 
Sulfur 353 142.6 48.1 
Phosphorus Dol) 4.2 38.7 
Glycine eee 3.0 2.0 
Nicotinic acid foe, We 0.5 0.5 
Thiamine roe 0.1 0.1 
Pyridoxine ay 0.1 0.5 
Myo-inositol ee eee 100.0 
Coconut milk 15% by 
volume 


* Laetsch and Briggs (1962) 
+ P. R. White (1963) 
t T. Murashige and F. O. Skoog (1962) 


were first germinated aseptically on solid media in test tubes, and subsequently 
transferred to subcultures. Some attempts were also made to establish cultures 
from pith cells of M. cardinalis with partial success. 

Mimulus lewis in general proved to be more difficult to culture than M. 
cardinalis, and after establishment, the growth of explants from M. lewisi 
was usually much slower than that of M. cardinalis. A few reversals of this 
trend were observed, however, in certain types of media. Within M. cardinalis, 
not only different altitudinal races, but different individuals within the same 
race, were found to vary considerably in the rate of growth of corresponding 
excised parts. In the altitudinal series Jacksonville, Priests Grade, and San 
Antonio Peak, for example, certain clones of each race were consistently easier 
to establish than others. Mimulus lewisu cultures in general were found to 
be favored in growth by high salt media (H), whereas M. cardinalis was 
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equally successful in both low (L) and high (H). Although in nearly all 
tests the growth of M. cardinalis explants was faster than parts of M. lewisit, 
this differential tended to disappear in media of medium (M) salt concentration. 

The rate of growth of excised tissues of both species was markedly influenced 
by variations in the media, either in shifts among the three basic L, M, or H 
media, listed in table 43, or in various combinations with different concentrations 
of hormones. Uniformity of growth in replicated cultures of a given clone was 
not often obtained. Considerable improvement is needed in attaining re- 
producibility among replicates of a single experiment, and between successive 
experiments, for critical comparative growth studies. 

Inasmuch as small differences among the many variables of media and such 
external physical factors as temperature and light have considerable effect 
on the resultant growth of excised tissues, the use of excised cultures may prove 
to be a highly sensitive means of pinpointing genetically controlled differences 
in metabolic characteristics. Reducing the variability in replicated cultures from 
a given clone to a consistently controllable level remains, however, a major 
technical problem. 

The use of peeled internodes, following a modification of the method 
described by Blakely and Stewart (1964) for tobacco, proved to be a reliable 
means of establishing M. cardinalis cultures. Pieces of internodes 4 or 5 mm in 
length are cut with a razor from young actively growing plants of clones 
started as cuttings and dropped in 95 percent ethyl alcohol for a few seconds to 
wet the surfaces. The pieces are then treated with 1 percent hypochlorite solu- 
tion for 10 minutes, and washed twice in sterile distilled water. The outer 
tissues are then stripped in a sterile inoculating chamber: a longitudinal slit is 
made the length of the internodal section down to the depth of the cambial zone, 
and the outer portions peeled away, leaving a central core of pith surrounded 
by a narrow band of xylem and some remaining pieces of cambial tissue. 
The stripped cores were then transferred to sterile agar or liquid media in test 
tubes. 

Peeled internode cultures of nine different races of M. cardinalis were thus 
established. Most frequently, callus tissues are formed at the outer surfaces 
and at the ends of the peeled internodes, but root and leafy tissues may also be 
initiated, the direction of development being shifted by different compositions 
of hormones added to the media. Subcultures of callus tissue of the foothill 
races of M. cardinalis (Priests Grade clone 7210-2 and Jacksonville 7211-5) 
were made through as many as 21 successive transfers over a two-year period 
in the L medium, and apparently could have been continued indefinitely. Simi- 
lar callus from the mid-Sierran Yosemite clone 6694-105 died after eight transfers 
in the same medium, while another from San Antonio Peak (clone 7120-8) 
grew slowly and survived through only six transfers. Subcultures of root tissues 
originating from peeled internodes of M. cardinalis have also been maintained 
through as many as a dozen transfers. 
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Early attempts to establish M. /ewisi peeled internodal cultures failed. Later 
efforts (using White’s agar medium with 1 mg/l] 2, 4-D added) were more 
successful, but growth was much slower than in M. cardinalis. Stem apexes 
of M. lewis were relatively easy to establish when provided with the high salt 
medium (H), but comparable apexes of M. cardinalis in either the L or H 
media grew considerably faster than corresponding explants of M. lewirsit. 

Success in establishing comparable explants of both M. cardinalis and M. 
lewisu under identical conditions was finally attained by first establishing 
seedling cultures of the two species in the intermediate salt medium (M). Seeds 
were sterilized in hypochlorite solution, washed in sterile distilled water, and 
transferred to sterile test tubes containing this medium. Under these conditions 
the seedlings of both species developed rather slender succulent stems with 
numerous small leaves crowded together by the shortened internodes (cf. 
figure 72, center). Side branchlets are frequently developed from the stems, 
and also roots at the base. Subcultures made from excised leaves of both species 
transferred to either solid or liquid media are capable of developing callus 
tissues which may proliferate and develop roots, shoots, or both. 


EXAMPLES OF EXPERIMENTS. Some examples of experiments will serve to 
illustrate responses observed with excised Mimulus tissues. In figure 72 (center) 
the growth responses at 15° and 25° C of seedling cultures of Mimulus lewisi 
from Yosemite are shown in comparison with similarly treated seedlings of 
M. cardinalis from Jacksonville. In this experiment (No. 39 of the culture 
series) sterilized seeds of both species were grown in sterile test tubes containing 
1 ml of H medium and allowed to germinate and establish for go days while 
being kept in test tube racks at a room temperature of 20-22° under fluorescent 
light of ca. 250 erg cm™ sec intensity. At this stage the seedlings of the ro 
replicated cultures of M. lewisii were quite uniform, approximately 1 cm 
in height, and those of M. cardinalis slightly more variable, averaging 1.7 
cm in height. Quintuplicate sets of cultures of each species were then placed in 
slowly rotating drum holders to provide gentle agitation of the liquid nutrient 
and evenness of exposure to lighting. To each test-tube culture 1 ml fresh 
nutrient was added each week during the experimental period. The rotating 
cultures were housed in small control chambers, one set being maintained at 
15, the other at 25°. The sides and top of the chambers were made of glass to 
admit penetration of diffuse laboratory daylight. 

The responses of the replicated cultures of each species at each temperature 
treatment were consistently similar, the variation within each replicated set 
being less than the differences in growth between temperature treatments and 
between species. The photographs shown at the center in figure 72 show typical 
growth responses at the end of a 47-day experimental period. The mean dry 
weights of the cultures at the termination of this experiment are shown in 


table 44. 
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Among the interesting responses is the considerably higher growth rate ob- 
served in the seedlings of M. lewisii at 25° as compared with those of M. 
cardinalis, and shown in dry weight increases in table 44. The greater growth 
of M. lewisti at 25° was accompanied, however, by marked chlorosis of the 
numerous small leaves of the seedlings at 25° at the end of the experimental 
period. The seedlings of the same species maintained at 15 retained a healthy 
green appearance. The M. cardinalis seedlings at both 15° and 25° retained 
a healthy green color up to the end of the experimental period and did not 
show a significant difference in dry weight at the two temperatures, although 
stem elongation was greater at 25 (table 44). ‘These results suggest that 
the M. cardinalis seedlings were more highly buffered against major shifts in 
metabolic balance resulting from temperature change than those of M. lewisiz. 
This response seems to be consistent with the growth differences between M. 


TANBILIS, 414; 


GROWTH OF SEEDLINGS IN TEst-TUBE CULTURES AT DIFFERENT TEMPERATURES 


M. lewisu M. cardinalis 
I5° © Dake IS? © MS” CE 
Mean dry weight increase, mg... WEI 4 28 30 


Mica Insane O& SSMS, GN. os ococ 3.5 a2 O57 G4 22 035 6.8 + 1.08 OQ a= O44 


Dry weights are pooled mean values of 5 replicated cultures. Culture period was 47 days. Cf. 
figure 72 (center). 


lewis Logan and M. cardinalis Jacksonville at 10° and 30° C described on 
pages 155-157. It is difficult, however, on the basis of the present data to arrive 
at satisfactory physiological interpretations of observed growth in test-tube 
seedling experiments because of complicating factors. For example, the growth 
medium contained 37% sucrose, and we do not know the extent to which growth 
of the two clones was dependent on the direct absorption of organic carbon 
in the nutrient media in relation to what may have been contributed by photo- 
synthesis. 

An example of differential growth responses between M. lewisii Yosemite 
and M. cardinalis Los Yrancos when grown in different liquid media is il- 
lustrated at the top of figure 72. In this experiment (No. 43a of this series) the 


Figure 72. Above: Differential growth of Mimulus lewis (Yosemite, the two cultures 
at the left), and M. cardinals (Los Trancos, the two cultures at the right). Explants of 
each were established from stem apexes of aseptically grown seedlings in medium salt (M) 
and high salt (H) media, left and right tubes of each pair, respectively. Shown here 
27 days after inoculation. See text. 

Center: Seedling cultures of M. lewis (Yosemite, Jeft) and of M. cardinalis (Jacksonville, 
right) grown at 15° and 25°, 47 days after inoculation. See text. 

Below: Cultures of M. cardinalis clones (7120-8, San Antonio Peak, and 7211-5, Jackson- 
ville) cultured from stem internodes and grown for 48 days at 15° and 25°. See text. 


Igo ERYTHRANTHE SECTION OF MIMULUS 


growth responses of apexes of seedling cultures of both species established in 
agar cultures several months previously were grown in intermediate salt (M) 
medium containing 3% sucrose, with o.1 mg/l IAA and 02 mg/l] kinetin 
added. The excised seedling tips of each clone were placed in 1.0 ml liquid 
medium and incubated in roller drum holders in diffuse laboratory daylight at 
room temperature (20-22). The photographs shown at the top of figure 72 
were taken at the end of a 27-day experimental period. 

In the intermediate salt medium (modified White’s), the apical cultures 
of M. lewisu and M. cardinalis were quite similar in that both shoot growth 
and root growth took place with moderate vigor, but in the high salt medium 
(Murashige and Skoog) the growth of M. cardinalis was greatly enhanced 
in contrast with the very meager development of roots in cultures of M. lewisi. 
Five replicated cultures of the two species compared in these media were 
consistent in their differential responses, and the examples illustrated at the top 
of figure 72 are average. ‘Table 45 shows the mean dry weight increase of the 


TABLE, 45 


GrowtH Responses oF Mimulus lewisit AND M. cardinalis 1N INTERMEDIATE 
AND HicH Sarr MEDIA 


M. lewis M. cardinalis 
Intermediate High Salt Intermediate High Salt 
Salt Medium Medium Salt Medium Medium 


Mean net increase in dry wt., mg*..... 3) Dee 3.6 22.8 


* Values are means of 5 replicates (final dry weight minus average initial dry weight of excised 
apexes). Cf. figure 72 (top). 


cultures at the end of the experimental period. The differential responses of 
the same clones of both species were confirmed in subsequent experiments. 

The results of another experiment in which peeled stem internodes of clones 
of the San Antonio Peak and Jacksonville races of M. cardinalis were cultured 
at 15 and 25- in liquid culture media are illustrated at the bottom of figure 72. 
The internodes were cut from stems of actively growing shoots of plants in a 
greenhouse and sterilized in the usual manner. The cultures were grown in 
1 ml liquid modified White’s medium (medium M of table 43) with 3% 
glucose added. The test tubes were placed in slowly rotating drums that were 
housed in the small temperature-controlled chambers. At weekly intervals the 
cultures were replenished with 1t ml nutrient medium during the experimental 
period. The internodes at first developed callus tissues from which active root 
growth took place later in both clones at both temperatures. In this experiment 
(No. 63 of the culture series), only slight differences were observed between 
the growth of the two clones of M. cardinalis: clone 7120-8 from San Antonio 
Peak, originally from 2200 m elevation (figure 72, lower left), having somewhat 
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greater growth at 15 than at 25, and clone 7211-5 from Jacksonville, originally 
from 240 m elevation in the warm Sierran foothill region (figure 72, lower 
right), with slightly faster growth at 25°. The photographs shown in figure 72 
were taken 48 days after the inoculations were made. ‘These responses are in 
contrast with a similar experiment with the clone 7246-3, M. cardinalis from 
the Santa Catalina Mountains at Bear Wallow, Arizona, at an elevation of 
2280 m. In this clone the root growth in ro replicated cultures was spectacularly 
greater at 15° C than at 25, as shown at the top of figure 73 (experiment No. 52 
of the culture series). In this latter experiment the same medium as used as 
in the one previously mentioned (White’s base, with 1 mg/] IAA and 3% 
sucrose added). 

A number of experiments on callus cultures with Mimulus were made. 
Peeled internodes of cultures of M. cardinalis can readily be established on agar 
slants in the low salt medium and carried through many successive transfers, 
some clones being more readily grown for longer periods, as previously men- 
tioned. Attempts to establish similar callus cultures of M. lewis with stem 
internodes were unsuccessful, but later efforts using pieces of excised leaves from 
seedlings did succeed. Figure 73 (center) shows cultures of M. cardinalis callus 
tissues grown on agar medium of high salt concentration containing three 
levels of IAA: (1) no IAA added, (2) 0.1 mg/l IAA, and (3) 10.0 mg/] IAA. 
These cultures originally were derived from peeled stem internodes of the 
Jacksonville clone 7211-5 grown in low salt medium in agar. The examples 
illustrated were derived from stock callus that had been carried through 
successive transfers over a two-year period. After inoculation on agar slants, 
they were maintained at 25° at a relative humidity of 70% and provided 
with 8 hours of light of 250 erg cm™ sec * intensity (experiment No. 41 of the 
culture series). The photographs in figure 73 (center) were taken 180 days after 
inoculation and show representative cultures of each treatment among the 
to replicates. The inhibiting effect of IAA on the growth of callus is clearly 
evident. 

In attempts to obtain friable callus cultures containing cells with active green 
chloroplasts, parts of excised leaves from previously established cultures of both 
M. cardinalis and M. lewisii were tried in both solid and liquid media. Figure 73 
(bottom) shows such cultures of M. lewisit ‘Timberline derived from single 
leaves of seedlings grown in test tubes (for example, from such cultures of M. 
lewisu and M. cardinalis as are illustrated in the center of figure 72). Pieces 
of bacteria-free leaves were placed with their lower surfaces in contact with 
agar made with intermediate salt (M) medium with NAA added. The cultures 
were maintained at 26° in one of the small chambers and illuminated 8 hours 
daily with fluorescent lamps. The pictures shown at the bottom of figure 73 
show leaf callus cultures of M. lewis 39 days after incubation (experiment 
No. 60 of the culture series). The culture at the left shows the effect of adding 
o.1 mg/l NAA to the basic medium, in comparison with the one on the right 
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containing 10.0 mg/l. Growth was more rapid and the callus was of a more 
friable structure when the culture was grown in the medium containing the 
lower amount of NAA. Ten replicated cultures in each treatment were con- 
sistent in showing the differences illustrated. 

Similar cultures of excised leaves of M. cardinalis produced callus tissues 
even more readily than M. Jewisi. In both species the cells forming the callus 
were commonly aggregated in clumps, but sometimes occurred in chains, and 
were variously pigmented. The colors ranged from yellow to dark brown, but 
in neither species were callus tissues with active green chloroplasts successfully 
maintained over long periods of time. In some instances green callus formed 
which on aging became yellow to dark brown. 

Limitations of space do not permit a more extended review of experiments 
made on excised cultures of Mimulus. Our primary objective was to evaluate 
the feasibility and potential usefulness of this approach in the comparative study 
of contrasting ecological races and species. The results of this exploration show 
that the value of this approach may be real. The number of external controllable 
variables available to the experimenter is far greater than in typical growth 
experiments on whole plants in controlled cabinets or chambers, as described 
in the previous chapter. A logical consequence, however, is that the problem 
of unscrambling the variables in critical experiments becomes greater. The po- 
tential enhancement of experimental precision due to the finer control possible 
in excised tissues may well compensate for the more exacting control of variables 
that is required. With the possibility of accurate control of substrate levels, 
for example, critical comparative studies on metabolic performance of ecological 
races should be possible. 


Figure 73. Above: Cultures of Mimulus cardinalis (clone 7246-3, Santa Catalina 
Mountains, Arizona) started from peeled internodes and grown at 15° (left) and at 25° 
(right). Photograph taken 167 days after inoculation. See text. 

Center: Callus cultures of M. cardinalis (clone 7211-5, Jacksonville) grown in the high salt 
(H) medium with varying amounts of indole acetic acid added (left, no IAA; center, 0.1 
mg/l; right, 10.0 mg/l). Cultures established from previous callus after many transfers. 
Cultures here shown are 180 days old. 

Below: Callus cultures of M. lewisu established from excised leaves of aseptically grown 
seedlings (cf. figure 72, center). Grown on M medium with 0.1 mg/l NAA added (/eft) 
and 10.0 mg/1 (71ght). See text. 
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DEVELOPMENT OF APPROACHES IN EXPERIMENTAL 
STUDIES ON THE NATURE OR SSPE CIES 


The overall objective of experimental studies on the nature of species is to 
clarify our understanding of the relative importance and interrelationships of 
factors that underlie plant evolution. This quest during the past half century 
has brought to light many previously unknown facts that profoundly influence 
our present thinking. The search is still continuing and recently, especially at 
the physiological and biochemical level, is rapidly gaining momentum. It seems 
appropriate to review in general terms the present status of this search in the 
light of such studies as have been presented in this volume. 


LEVELS OF EXPERIMENTAL approacH. The work of the earlier taxonomists was 
concerned with the search and classification of species, an essential step that 
resulted in the orderly treatment of the great diversity of living forms into 
orders, families, genera, and species. As this approach became more intensively 
applied in detailed monographic studies of groups restricted to a few genera 
or even to a single section of a genus, thoughtful taxonomists became increas- 
ingly dissatished with their systematic treatments and sought the aid of 
cytologists and geneticists to help clarify relationships that proved to be too 
puzzling to be resolved by morphological studies alone. 

This marked the beginning of experimental taxonomy, with plant materials 
being collected and planted in gardens where they could be hybridized and 
studied in the laboratory. This ushered in a period that may be termed the 
“grand era of cytogenetics,’ which evolved with such classical investigations as 
those of Johannsen (1909), Shull (1911), Bauer (1914), Winge (1917), Kihara 
(1924), Roy Clausen (1928), Jens Clausen (1929, 1931), Muntzing (1938), 
Goldschmidt (1938), Gregor (1939), Babcock (1947), Stebbins (1950), and 
Blakeslee (cf. Avery, Satina, and Reitsma, 1959), to mention only a few. The 
discoveries during this period uncovered the manifold devices by which species 
and races may become differentiated through mutations, chromosomal re- 
patterning, aneuploidy, polyploidy, amphiploidy, apomixis, and combinations of 
these mechanisms. Verne Grant (1963) and Heslop-Harrison (1964) have con- 
tributed reviews covering various aspects of this productive period. Basic to 
all of the hereditary devices for introducing and perpetuating genetic diversity 1s 
differentiation between related forms on the diploid chromosome level such as 
is found in widespread groups as exemplified by the genus Pinus (n=12), 
Aquilegia ( n=7), members of the Potentilla glandulosa complex (n=7) and 
in the Erythranthe section of Mimulus (n=8). 

In the excitement of the discoveries during the “grand era of cytogenetics” 
the importance of environment as a selective factor in evolution was not ignored. 
It was the work of Turesson (1922, 1925), however, that brought the ecological 
viewpoint into sharp focus through his studies on ecotypes and his elaboration 
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of the concept of “genecology.” Another aspect of ecotypes, or, as we call them, 
ecological races, was the comparative study of responses of cloned individual 
plants of diverse races of the same or related species transplanted to gardens at 
contrasting altitudes, a subject dealt with in detail in earlier volumes of this 
series. hese studies clarified the nature and limits of tolerance of ecological 
races for survival in different kinds of habitats, and, furthermore, distinguished 
clearly between differences due to heredity and modifications displayed by 
the same clone grown in different environments. 

Genetic experiments involving crossing contrasting ecological races of the 
same species combined with tests on cloned parents and Fi and F2 progeny in 
transplant experiments were begun in 1932 (Clausen and Hiesey, 1958). These 
experiments demonstrated the polygenic nature of most of the hereditary 
differences in characters distinguishing contrasting altitudinal races, and also 
indicated the importance of genetic coherence, i.e., the tendency for progeny 
from interracial crosses to inherit assemblages of associated characters from 
their parents as a package rather than independently and purely at random. 
This finding confirmed earlier predictions by Anderson (1936) and especially 
by Mather (1942, 1943) relating to the genetic consequences of polygenic 
inheritance. 

The significance of genetic coherence for storing unexpressed genetic 
variability that can be released in subsequent generations under stress of 
changed selective pressures in new environments has been emphasized by the 
authors cited above and has been discussed in detail by Verne Grant (1964). 
The genetic data from the Erythranthe section in Mimulus presented in 
Chapter II reveal even more clearly and in greater detail than in previous 
studies the significance of genetic coherence as a factor in the inheritance of 
characters distinguishing contrasting ecological races. 

We may look forward to further advances in elucidating the mechanism of 
coherence, perhaps at a molecular level. This may be approached through 
analysis of the inheritance of enzymatic control of critical steps governing such 
physiological processes as the pathways of CO» fixation, in such species as 
Atriplex patula and A. rosea, discussed on pages 178-179. It is conceivable that 
the coherence between biochemical and physiological characteristics associated 
with photosynthesis in these species may be resolvable into relatively simple 
cause-effect relationships. The correlation between these characteristics and 
anatomical features that are also associated with the different pathways of CO: 
fixation is probably not a result of pleiotropism, but is more likely a result of 
genetic linkage. 

The comparison of growth responses of cloned transplants under controlled 
conditions in chambers was a logical development to follow the field transplant 
experiments. Such studies, in turn, led directly to the next step of comparative 
physiological and biochemical studies of contrasting ecological races, as discussed 
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in Chapter III. Investigations in this area have now become central in our quest 
for further elucidating mechanisms of natural selection. 


THE PRESENT STATUS OF PHYSIOLOGICAL AND BIOCHEMICAL INQUIRIES. In addi- 
tion to the general recognition of the importance of physiological and _bio- 
chemical investigations for furthering our understanding of plant evolution, 
current interest in this relatively new field has been stimulated by the develop- 
ment of new technical advances that make possible precise quantitative measure- 
ments combined with excellent control of external variables with reasonable 
speed. Such pioneer investigations as those of Lundegard and Boysen-Jensen, 
for example, were limited by the necessity of using the time-consuming chemical 
methods available at that time for measuring photosynthetic rates. Despite these 
hindrances the contributions of these and other earlier investigators have 
established a solid basis for present and future investigations in physiological 
plant ecology. 

Our approach to the comparative physiology of ecological races through 
step-by-step studies on the effects of single variables on a given process have 
yielded results which, together with the contributions of other laboratories, 
serve as starting points for future work. 

There is strong evidence that ecological races of Solidago, Solanum, and 
Mimulus differ in the relative component steps of photosynthesis leading to 
different responses to external variables. The genetically controlled mechanisms 
that result in differences in utilization of weak and strong light for photo- 
synthesis in sun and shade races of Solidago, for example, include the ratio 
of pigments responsible for the capture of light to the activity of enzymes 
responsible for the biochemical conversion of CO: to the level of carbohydrates. 
It seems likely that sun and shade plants may also differ in the size of the photo- 
synthetic unit, i.e., that shade species have fewer photochemical reaction centers 
for a given number of light-harvesting chlorophyll molecules. Apparently, 
physical resistance to gas diffusion may also differ. There is no evidence that 
the differences between ecological races in Solidago and Solanum in response 
to light intensity, between Mimulus cardinalis and M. lewisii in temperature 
tolerance, or between races of Solanum in tolerance to water stress, involve quali- 
tative differences in photochemical or biochemical pathways of photosynthesis. 

This, of course, does not exclude the possibility that such differences do 
exist. The presence of the Ci-dicarboxylic acid pathway (f-carboxylation) of 
COz fixation in some species, and its absence in other closely related species, 
as in Atriplex, suggest that qualitative differentiation in pathways of photo- 
synthesis may be a more frequent occurrence than previously anticipated. 

A striking result of studies on the kinetics of photosynthesis from studies 
made to date is that all plants of all ecological races, including both those that 
follow the C:-dicarboxylic acid pathway of COz fixation and those that do not, 
have been found to have the same temperature dependence for light-saturated 
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photosynthetic rate in the temperature range of 15° C and below when measured 
under a low oxygen concentration in the range of 1-2%. At this low tempera- 
ture range the Arrhenius equation for photosynthetic rates is valid, and a high 
activation energy of about 20 Kcal per mole is obtained. At higher temperatures, 
however, species and ecological races of the same species may differ considerably. 
When such photosynthetic measurements are made under higher Oz con- 
centrations, such as in normal air at 21.0%, such differences at higher tempera- 
tures become greatly accentuated in plants that lack $-carboxylation photo- 
synthesis, but remain the same in plants that possess this pathway. 


FururE INVESTIGATIONS. In view of the very large number of yet unsolved 
problems relating to the comparative physiology of ecological races and species, 
as outlined in the early part of Chapter II, future investigations may be 
expected to develop along a multitude of fronts. The use of excised tissues for 
critical studies on the as yet little understood role of respiration, for example, 
is an area inviting investigation. Another is the study of the physiological and 
biochemical basis of “heterosis,” or hybrid vigor. 

Fousova and AuratoyScukova (1967) reported heterosis in photosynthetic 
rate in first-generation and backcross hybrids of Zea mays as compared with 
the inbred parental races. Their measurements, which were made mano- 
metrically on leaf disc samples, appear to be consistent with the commonly 
observed more rapid growth rate of hybrids as compared with their parents. 
Their results differ from ours on hybrids with Mimulus (cf. Chapter III) and 
those of Bjorkman and Holmgren (1963) in Solidago virgaurea, where measure- 
ments of light-saturated photosynthetic rates on hybrids were found to be 
intermediate between the parents. The inheritance of factors governing com- 
ponent steps in photosynthesis is apparently fairly complex and may, at least 
in many instances, be governed by polygenic hereditary factors. 

Although the term “heterosis” is usually used to indicate an enhancement in 
vigor or in the expression of some character in hybrid derivatives as compared 
with the parents, one may also consider “negative heterosis” as a reduction in 
vigor or in expression of a given character. A striking example is the Fi hybrid 
between Atriplex rosea and A. patula in which the hybrids, although clearly 
intermediate between the parents in morphological and anatomical characters, 
have a much lower photosynthetic capacity than either parent. 
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